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1.0 SUMMARY

NASAcontract NAS3-22220provided for the comparison of four advancedgeneral

aviation engine concepts. Each concept was developed under a separate NASA

contract. The results of the individual contracts served as a data base for

the comparison.

The objective of the advanced general aviation comparative engine/airframe

integration study was to establish a fair comparison of the in-airframe

performance and efficiency of the advanced engine concepts.

The results of the study indicate that the proposed advanced engines can

significantly improve the performance and econ¢,my of general aviation

airplanes.

The engine found to be most promising was the highly advanced version of a

rotary combustion (Wankel) engine. The low weight and fuel consumption of

this engine as well as its small size make it ideally suited for aircraft use.

The data used for the turbine engine were found to be in error after the

completior of the main study, and a follow-on study was conducted with revised

data to determine the effects of the errors. The improvements did not affect

the ranking of the turbine engine, although si_,nificant improvements in

performance were obtained.
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2.0 INTRODUCTION
I I

This study was performed under NASA contract NAS3-22220 - Advanced General

Aviation Comparative Engine/Airframe Integration Study. The purpose of the

study was to evaluate the performance of several advanced engine candidates

proposed f_r use in general aviation aircraft. The study was to result in a

relative ranking of the engine candidates in order of their suitability and

desirability as aircraft engines.

Each of the engine concepts was developed under a separate NASA contract. The

purpose of these contracts was to identify the technologies required to

produce an advanced aircraft engine and to estimate the performance

capabilities of the advanced engines.

The four types of engines considered in this study are:

I)

2)

3)

4)

Spark ignition engines

Diesel engines

Rotary engines

Turbine engines

A baseline spark ignition engine is also included to provide an estimate of

the capability of current engines.

An installation concept was established for each engine candidate in a single

and a twin airframe and the performance of the resulting configuration was

analyzed. The performance of each engine was evaluated in a fixed airframe
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mode and in a fixed mission mode to determine the capabilities of each engine.

The mission performance calculations were performed using the General Aviation

Synthesis P_rogram (GASP) developed by NASA (Reference I).

The engines were ranked according to their relative performance in the study.

Factors considered in ranking the engines included weight, fuel use,

performance and installation.

3.0 ENGINE CANDIDATES

Four types of engines were considered in this study. Each engine concept was

the subject of a previous NASA _tudy contract. These earlier contracts

defined the capabilities of the advanced engines and identified the

technological developments necessary to achieve the design goals.

The engine candidates considered in the study were:

I)

2)

3)

4)

Spark ignition engines

a) Advanced technology

b) Highly advanced technology

Diesel engines

a) Highly advanced technology

Rotary engines

a) Advanced technology

b) Highly advanced technology

General Aviation T_urbine E_ngine _ GATE



The cruise power rating of the engines considered in the study was 250

horsepower at 25000 feet. The cruise rating of the turbine engine was 250

equivalent shaft horsepower at 25000 feet at a true airspeed of 240 knots

(M=0.4). The equivalent power of the turbine engine is based on a propeller

efficiency of 0.8 as supplied by NASA.

The climb power ratings of the engines in the study were set by the engine

manufacturers. Rate of climb at design cruise altitude was not a design

requiremen: in the engine design studies. Differences in climb power ratings

lead to significant differences in climb capability as will be seen later.

The characteristics of the study engines are shown in Table I and in Figures I

and 2. Comparisons of the power output, cruise fuel flow and engine weight

are shown in Figures 3, 4, and 5. These data were supplied by NASA.

The turbine engine data shown in Table I were found to be in error after

completioa of the main study. Revised data indicated a 10% reduction in

specific _'uel consumption and a 10% reduction in basic engine weight. Figures

4 and 5 show both the original data and the revised data.

3.1 Spark Ignition Ensines

The two spark ignition engines evaluated in the study were studied by Teledyne

Continental Motors Aircraft Products Division under contract NAS3-21272

(Reference 2). The two engines studied bracket a level of technology

anticipated by 1990.
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Advanced Technology Spark Ignition Engine

The advanced technology spark ignition engine, designated GTSIO-420, is a s[×

cylinder, horizontally oppose_, geared engine. The engine is ai,cooled and is

equipped with fuel injection, turbocharging and turbocompounding. This engine

burns avgas.

Advanced features of this engine are its electronic fuel control system and

the turbo_ompounding machinery. Weight reduction has been accomplished by

careful use of existing materials. Improvements in SFC are due to the

turbocompounding and a lean fuel schedule.

Highly Advanced Technology Spark Ignition Engine

The highly advanced technology spark ignition engine, designated GTSIO-420/SC

is physically very similar to the advanced technology spark ignition engine.

The addition of a stratified charge combustion chamber and a direct injection

fuel system allows this engine to burn a variety of fuels including avgas and

jet fuel. The weight of this engine has been reduced by extensive use of

advanced technology materials (e.g. titanium). Electronic fuel, air and

ignition control systems also contribute to the fuel efficiency of this

engine.

-5-



3.2 Diesel Engine

A single diesel engine was evaluated in this study although three versions

were studied under contract NAS3-20830 (Reference 3). The technology levels

envisioned for development were similar to those of the spark ignition

engines. Only the highly advanced technology diesel engine was evaluated in

the airframe integration study.

The highly advanced technology diesel engine is targeted for 1992

availability. The engine is a four cylinder, aircooled radial engine which

uses a two stroke power cycle. The engine features fuel injection,

turbocharging and after-cooling. Jet fuel is the fuel of choice although some

multifuel capability could be provided.

A unique feature of this engine is a turbocharger-starter loop. A separate

combustor in the turbocharger loop allows the turbocharger tc be run as an

auxiliary power unit with the main engine shut down. Bleed air from the

turbocharger loop is used to warm and start the primary engine.

Advanced materials and high pressure, high efficiency turbochargers are

critical to the development of this engine. The limited cylinder cooling

desired necessitates high temperature materials for cylinders, pistons and

other engine components. Advanced materials will also be needed to meet

engine weight and fuel consumption goals.
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3.3 Rotary Engines

Little detailed information was available on the rotary engines at the time of

contract completion. These engines were studied by Curtiss-Wright Corporation

under contract with NASA. A summary of available information follows.

Advanced Technology Rotary Engine

The advanced technology rotary engine, designated RC2-47 is a two rotor

Wankel-type engine. The engine is fuel injected, turbocharged and liquid-

cooled. A stratified charge combustion chamber and timed fuel injection allow

the engine to operate well using a variety of fuels. Mounting pads have been

integrated into the aft end of the rotary engines which allow mounting of all

engine accessories directly to the engine. These mounting pads simplify and

streamline the installation of these engines.

The liquid cooling of the rotary engines i_ unique among the advanced engine

candidates. It is felt that the liquid cooling will provide an unusual degree

of installation flexibility. The weight of the cooling system is included in

the basic weight of the engines as listed in Table I.

Highly Advanced Technology Rotary Engine

The highly advanced technology rotary engine, designated RC2-32, is physically

similar to the advanced technology rotary engine. Advanced features of this

engine include retracting or unloading apex seals and higher operating speed

(higher rotor speed).

weight and reduce wear.

The engine utilizes advanced materials to reduce engine
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3.4 Turbine Engine

General Aviation Turbine Engine

The general aviation turbine engine (GATE) concept was studied by four

contractors under four NASA contracts. NASA extracted the data used in this

study from the results of the GATE study performed by Teledyne Continental

Motors, General Products Division under contract NAS3-20757 (Reference 4).

The data are typical of data generated in the four studies.

The engine proposed for the general aviation engine/airframe integration was a

single shaft turbine engine. The primary fuel for this engine was jet fuel

although some multifuel capability should be available. The low weight and

low specific fue! consumption of this engine is made possible by the use of

advanced high temperature materials which allow increased operating

temperatures and pressures. The engine also features electronic fuel and

speed controls. The selling price of this engine was predicted to be

competitive with the oth_ study engines, however, reliable and consistent

selling price information was not available for any of the study engines.

3.5 Baseline Engine

The Teledyne Continental Motors TSIO-550 engine was chosen as the baseline

engine for the study. The TSIO-550 is a six cylinder, horizontally opposed

air cooled, direct drive spark ignition engine This engine features fuel

injection and turbocharging and will burn only avgas.
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4.0 ENGINE DATA

Table I includes all of the engine data used in the study, _n particular',

scaling rules for engine weight, external engine dimensions, center of gravity

iocat£on, power output, fuel flow and heat rejection rates for each engine.

This data was compiled and approved by NASA prior to commencement of t_e study

effort and provided a solid data base on which to perform the study.

NASA discovered two errors in the turbine engine data after completion of the

main study. A follow-on study was conducted to determine the influence of the

errors on the results of the study. The revised turbine engine data indkcated

that the specific fuel consumption (fuel flow) and the basic engine weight

shown in Table I should be reduced by 10%.

4.1 Engine Weight

Engine weight was divided into two parts - basic weight and additional weight.

Both basic weight and additional weight are shown in Table I for each engine.

The basic weight is the weight of the engine as supplied by the manufacture_'.

The additional weight is the weight of items required for the engine to

operate in an airframe. Additional weight includes items such as the battery,

propeller, and engine mount vibration isolators. A list of the additional

weight items for each engine is shown in Table 2. The additional weight of

each study engine includes items required by that engine. The standard

equipment was different for each study engine, and the additional weight items

were added to the basic engine weight to provide an equivalent equipment level

for all of the study engines. Any items not mentioned in the additional
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weight list are included in the basic engine weight.

_aling rules are shown in Table I for scaling the basic weight with changes

_n engine horsepower. These laws apply only to the basic weight. The

additional weight was not scaled. Scaling for the diesel engine is shown In

Figure I.

4.2 Dimensions and Center of Gravity Location

The external dimensions of each engine, length, width and height, are shown i_

Table I. Scaling rules are also shown where applicable. The center of

gravity location of each engine is also shown.

The external dimensions were used in conjunction with sketches of the engines

to establish nacelle size and shape. The center of gravity location was used

to establish airframe changes and engine location required to balance each

airframe.

4.3 Power Output and Fuel Flow

Engine power output and specific fuel consumption are shown in Table I. The

variation of power and SFC with altitude is shown for at least two power

settings for each engine. Engine RPM is also noted.

Note that the turbine engine data shown include installed shaft horsepower and

exhaust thrust. These values are listed separately. This engine is sized to

250 equivalent horsepower at 25000 feet and 240 knots true airspeed (M=0.4) as
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noted in Table I. The data, as supplied by NASA,incorporates a propel ier

efficiency of 0.8 in the calculation of equivalent horsepower.

Sc3!ing of power oJtput, as required in several parts of the _;tudy, was done

linearly for all operating conditions. Power for all operating condittons wa3

sca!ed by a constant factor as required.

Specific fuel consumptton was not changed with changes in engine size (power

rating) except for the diesel and the turbine engines. The scaling trend for

the diesel engine specific fuel consumption is shown in Figure I. Relative

scaling for the turbine engine specific fuel consumption is shown in Figure 2.

4.4 Heat Rejection Rates

The heat rejection rate for each engine at cruise is indicated as a percent of

cruise horsepower produced. A cooling requirement of 75% for an engine

producing 250 horsepower indicates a heat rejection rate of 187.5 horsepower

or 7,950 btu/min.

The heat rejection at cruise was used to establish cooling drag estimates for

each engine. This estimate of cooling drag was added to the total airplane

drag for mission analysis. This method produces a small error in mission

performance. However, the error is not significant for the normal missions

envisioned for the study airplanes. Cooling drag estimates are shown in Table

3.
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5.0 TECHNICAL APPROACH AND METHODS

5.1 Contract Requirements

The desired method for comparison of the engine designs was outl£ned in the

contract statement. The contract required that an equitable comparison be

made to determine which engine would be most useful to the general aviation

industry. Since each engine had been evaluated in a prev •us _tudy the

purpose of this contract was to insure a comparison on an equitable bas_s.

Some specific requirements of the contract were:

I •

o

•

•

Establish an installation concept for each engine in a pressurized

single and a pressurized twin airframe.

Determine the performance of the resulting engine/airframe

combinations• The performance was to be evaluated on both a fixed

airframe basis and a fixed mission basis.

Perform several parametric analyses to determine the effects of

design goals on the relative performance of' the engines.

Establish the acquisition and operating co3ts of each

airframe/engine combination•

Installation Concepts

An installation concept was established for each engine in a pressurized

single and a pressurized twin airplane configuration. The gcal of this part

of the study was to determine any major installation problem3 or advantages
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with the advanced engines.

An engine mounting system was selected for each engine/airframe combination t_

take advantage of the features of each engine. A nacelle was designed tc

minimize the drag of each installation. Air inlets and cooling air" flow path-_

were arranged as well as possible based on the information available for eae_

engine.

Performance Analysis

The performance of each engine airframe combination was to be evaluated using

two modes of analysis; fixed airframe and fixed mission. The fixed airframe

concept was used to establish the installation details for each engine. The

fixed mission concept produced an airframe/engine combinat:.on capable of

performing a baseline mission (i.e. carry a given payload a certain range at a

given speed and altitude).

Parametric Analysis

An investigation was made to determine the impact of design goals and design

point specifications on the relative performance of the engine3. The effects

of changing design cruise speed, design cruise altitude design range and

engine inlet efficiency were examined. Each study was conducted on a fixed

mission basis with only the parametric variable changed to establish its

effect on engine and airframe size.
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i Cost Analysis

Acquisition cost and operating costs were to be determined for each

airframe/engine combination.

Technology Recommendations

The manufacturers contract reports were reviewed together with the results of

the engine/airframe integration study to arrive at a recommendation for

further work. Areas of concern governing the choice of one engine over

another were also considered in this section of the study to provide

additional insight into the desirability of each engine candidate.

5.2 INSTALLATION CONCEPT

Baseline Engine Installation

A single and a twin airframe utilizing the baseline spark ignition engine were

established as the baseline airframes for the study. These airframes are

shown in Figures 6 and 7. Details of the baseline engine installations are

shown in Figures 8 and 9. The baseline engine uses a bed type mounting system

and downdraft cooling.

Conventional configurations and conventional construction at a current level

of technology were used throughout the study to provide a high degree of

confidence in the weight analysis and the performance analysis. This

permitted the differences in airplane performance to be credited directly to
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to engine characteristics. It is expected that the relative performance of

the advanced engines would not be affected by an across the board airframe

technology improvement.

Advanced Engine Installations

The first step in evaluating each of the advanced engines was to install eac_

in a single and a twin airplane. The low weight of the advanced engines

produced problems in balancing the airframes using these engines.

Balance problems in the single engine airplane were solved by extending the

nose of the airplane. All of the advanced engine singles required a 14 inch

stretch. Additional balance problems in the single engine airplanes were

solved by moving the wing and/or providing a nose baggage area.

Balance problems with the twin engine airplanes were easily solved by

adjusting nacelle length.

Spark Ignition Installations

The airplane three view drawings for the single and twin with the spark

ignition engine are shown in Figures 10 and 11. Figures 12 and 13 are the

engine installation drawings for the single and twin. The advanced technology

and highly advanced technology spark ignition engines are externally similar,

therefore one drawing is sufficient to describe the install_tion for both

engines.
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The advanced spark ignition engines are bed mounted and updraft cooled.

Cooling air enters low at the front of the nacelle. The cooling air on the

twin exits through an ejector at the top rear of the nacelle. A cowl flap is

provided for additional cooling at low speed. The cooling air for the single

exits through the bottom of the nacelle. Air is not ejected through the top

of the cowl to prevent any debris from impinging on the windshield.

A separate oil cooler is not required for these engines. The oil sump is

finned and acts as an oil cooler. Air is routed past the oil sump to insure

proper cooling. This air exits through the same openings as the engine

cooling air.

The nose on the single engine airplane has been extended to provide proper

weight balance for the airplane and also to accommodate the longer engines.

The additional structure required by the nose extension eliminates most of the

w_ight reduction of the advanced technology spark ignition engine.

Diesel Installation

Figures 14 and 15 are the three view drawings for the diesel engine single and

twin and Figures 16 and 17 are the corresponding installation detail drawings.

l

]

The radial design of this engine does not lend itself to bed mounting. The

engine mount for the single is a combination mount which uses a lower bed-type

mount and an upper truss mount. The radial design fits very well into a

single engine airplane cowling however the turbocharger and accessories may

need to be relocated slightly to facilitate installation.
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All cooling air for the single engine installation enters through one inlet

below the propeller spinner and exits through an opening in the bottom off the

cowl. A cowl flap is also provided for additional cooling. Combustion air

enters through a separate inlet on the right side of the cowling.

The nacelle required to completely .:urround the diesel eng:ne in a twin

installation is quite large due to the radial design of the engine. The

frontal area of the nacelle can be significantly reduced by u_tng a smaller

nacelle with bumps or blisters to enclose the injector on each cylinder. This

produces a nacelle with approximately the same frontal area as the spark

ignition installation.

A truss type mount was used to install the diesel in the twin airframe. The

turbocharger and other accessories have been relocated to fit inside the truss

mounts.

_ll cooling air enters through a single opening and exits at the bottom of the

nacelle similar to the single. Combustion air is drawn from the same plenum

chamber as the cooling air.

Rotary Installations

Figures 18 and 19 are the airplane three-view drawings for single and twin

airplanes using the rotary engines and Figures 20 and 21 are the respective

installation detail drawings. The advanced rotary and the highly advanced

rotary are externally similar and both installations are covered by a single

drawing. The rotary engines can be bed mounted or truss mounted.
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A bed mount was used to install the rotary engine in the single. Locating the

coolant radiator was the most difficult problem encountered in installing the

rotary engines in the single. The radiator was mounted in an upright positicn

near the left side cf the cowl. Cooling air enters through a single inlet

telow the propeller and exits through a single opening at the _ottom of the

cooling air plenum.

The rotary engines were truss mounted for the twin installatiorL. Notice that

the engine is very tightly cowled. This is possible since the engine is

liquid cooled. The single scoop air inlet supplies both combustion and

cooling air. A single outlet is provided for cooling air and exhaust.

The integral accessory mounts on the back of the engine provide a very

convenient installation package. The liquid cooling provides a high degree of

installation flexibility particularly in the twin. The small size anU light

weight of these engines provide room in the single for a nose baggage

compartment behind the firewall.

GATE Installation

Figures 22 and 23 show the airframe three-views for the single and twin with

the general aviation turbine engine. The corresponding installation details

are shown in Figures 24 and 25.

The general aviation turbine is truss mounted for the single installation.

Separate inlets have been provided for both combustion air and oil cooler air.

Combustion air enters below the propeller. Oil cooler air enters the right
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side of the cowlin 5 through a NACA duet and is exhausted through the left side

of the cowl. Engine exhaust is carried overboard by a rather large exhaust

stack. The large stack required by this engine may produce a significant drag

increase on the single. A nose baggage compartment is shown behind the

firewall.

The turbine is also truss mounted in the twin installation. The combustion

air inlet is located below the propeller and oil cooler air is supplied

through a NACA duct in the bottom of the nacelle. An ejector _s used to dump

exhaust gas and cooling air out the back of the nacelle over the wing. The

nacelle for this engine is very small and streamlined.

A problem exists in the propeller required for a single shaft turbine engine.

The propeller for a single shaft turbine engine must be capable of being set

to flight idle and to ground low pitch settings. Current propellers of this

type have hubs large enough to cover the general aviation turbine's combustion

air inlet. This problem can be eliminated by moving the combustion air inlet

away from the propeller shaft.

5.3 PERFORMANCE ANALYSIS

Performance estimation and airframe sizing were performed using the NASA

developed General Aviation Synthesis Program (GASP). The program is a whole

airplane design and synthesis program capable of a wide range of performance

and stability calculations.
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Inputs required by the program include limited airframe geometry, engine data,

weight trend data and drag data. This data, together with the synthesi_

equations, establishes the airplane definition.

The capaSilities of the program include engine sizing, constrained airframe

sizing, stability and control analysis and performance estimation.

simplified flow chart of the program is shownin Figure 26.

Program output is arranged in a mission profile format including taxi,

takeoff, climb, cruise, descent and landing.

Propeller size for each engine/airframe combination was chosen to provide 87

to 89_ installed efficiency at cruise and to provide climb efficiency of about

75%. Somevariation in propeller efficiency was unavoidable since the nacelle

contributes to blockage behind the propeller and because the ergine speed was

different for each engine.

The methods of analysis used to establish engine preference are shownbelow.

I •

2.

3.

4.

Fixed Airframe Analysis

Fixed Wing Area; Constant Range

Fixed Wing Loa4ing; Constant Range

Fixed Mission Analysis

The fixed airframe analysis and the fixed mission analysis were rerun in a

follow on study using revised turbine engine data. All ground rules were

applied as in the main study.
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Baseline Performance

The performance of the baseline engine/airframe combinations was evaluated to

establish a baseline mission for the single and the twin a_rplar_.s.

The mission established for the single consisted of an 800 nautical m_e

cruise at 25000 feet, with a 1200 pound payload. Cruise speed was to be at

leas_ 200 knots.

The twin engine airplane was required to have 920 nautical mile cruise range

at 25000 feet with a 1300 pound payload. Cruise speed for the twin was to be

at least 235 knots.

The mission specified for both the single and the twin included a takeoff at

standard sea level conditions and a climb to 25000 feet at maximum rate of

climb• A 45 minute fuel reserve at cruise speed and alt_[tude was al_o

requi_ed.

Performance capabilities checked for each airplane included:

I • Takeoff distance to 50 feet (maximum gross weight, sea level,

standard day)

e Maximum rate of climb

a. at sea level

b. at 25000 feet (or cruise altitude)
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. Time to climb to 25000 feet (or cruise altitude)

. Landing distance from 50 feet (maximum gross weight, sea level,

standard day)

Fixed Airframe Analysis

The fixed airframe analysis consisted of determining the performance of the

baseline airframes with the advanced engines. The airframes used for analysis

were those established by the installation concept phase of the study.

Figures 27 and 28 show the results of this analysis for the singles and twins

respectively.

Airplane gross weight, wing area, and payload were held constant for this

analysis. Airframe empty weight was lower than the baseline airplane empty

weight for all of the advanced engines. The gross weight was held constant by

adding fuel to the airplane. The additional fuel coupled with the low

specific fuel consumption of the advanced engines produces airplanes with very

long range capability. The engines producing the longest range are the highly

advanced engines, the diesel and the rotary in particular.

All of the advanced engines improve the cruise speed performance of the study

airplanes. The increase in cruise speed is due primarily to the reduced

cooling drag of the advanced engines. The turbine engine produces the largest

increase in speed since the cooling drag of the turbine engine is the lowest

of all the advanced engines, however, the drag of the exhaust stack for the

single engine airplane may result in a net drag increase and reduced cruise

- 22 -



speeds for this airplane.

study.

This aspect was not considered in detail in this

Climb performance at sea level _s adequate for all of the advanced engine:-3.

C]i_b performance at cruise _it_cude is an indicator of engine power reserw •

at. _ititude. There are significant differences i_ rate of cltm_ at 25U03

feet, d,__ priaaril y to the difl'erenees i.n the methods used by the engine

manufact_r'ers to rate the power oF their engines (see Figure 3). The engines

w_]ich provide the highest climb rates are those which have excess power at

25000 feet. These engines (the spark ignition engines and the rotary engines.,

are throttled to produce the cruise power of 250 horsepower.

The soark ignition engines and the rotary engines produce airframes with more

climb capability th_'n either the diesel or the turbine engine. The diesel

engine and the turbine engine lack any power reserve at altitude as seen in

Figure 3. Both of these engines, as designed, use the same po_;er setting for

climb and cruise. The diesel produces 250 horsepower for cli:_b or cruise at

25000 feet. T_e turbine produces 250 horsepower for cruise but only about 230

horsepower for climb at 25000 feet because of lower inlet total pressure due

to reduced airspeed. These engines would need to be rotated, resized or

redesigned for climb to alter this situation.

The changes in the turbine engine data resulted in a significant increase in

the range capability of the turbine engine airplanes. No other performance

capabilities were changed significantly from the original turbine airplanes.
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Detailed numerical results of the fixed airframe analysis are contained in

Tables AI and A2 of Appendix A. Detailed results of the revised fixed

airframe turbine engine an_iysis are shown in Table 5.

Flxed Wi,_ A,_ea ,i\r_,!___3s!_

_irplane _apaoie of perry'>truing the baseline _a_ T_e gross weight of the

airplanes was altowel to change as required to meet the range requirement.

The results of this study are shown ir_ Ffgures 29 a_d 30. Detailed results

are contained £n Tables A3 ana A4 of Appendix A.

All of the advanced engines reduced the gross weight and the empty weight of

the study airplanes. The highly advanced rotary engine produced the lightest

airframe followed by t_e diesel engine. The diesel engine produced the most

fuel efficient airframe requiring less fuel than any other engine to fly the

design range. The highly advanced technol_gy spaPk ignition engine also

produces a very fuel efficient air_:,lane. The turbine engine produces an

airplane which is lighter than the baseline but the fuel use is not

significantly lower than the baseline.

The performance of the fixed wing area a_rplanes is similar to that of the

fixed airframe airplanes. All of the advanced engines outperform the baseline

engine at sea level. The turbine engine is the only engine not capable of

meeting or exceeding the climb rate of the baseline engine at 25000 feet.
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Fixed Wing Loading Analysis

The f_xed wing loading analysis was performed in a manner similar to the fixed

wing area analysis. The results are presented in Figures 31 and 32. The

results of the fixed wing loading analysis are nearly identical to the results

of the fixed wing area analysis. Detailed results are contained in Tables A5

and A6 of Appendix A.

Fixed Mission Analysis

The fixed mission analysis was performed to establish the efficiency possible

by sizing the study engines and airframes to perform the baseline mission.

This analysis resulted in a set of airplanes with the same cruise speed_range

and altitude capability. Stall speed and landing distance were also held

constant. Airplane gross weight and empty weight were allowed to change as

required to perform the desired mission. The advanced engines were sized to

perform the desired mission. Takeoff distance was allowed to vary within a

reasonable range above or below the baseline distance. The results of this

analysis are shown in Figures 33 and 34. Detailed results are contained in

Tables A7 and A8 of Appendix A. Detailed results of the revised fixed mission

turbine engine analysis are contained in Table 6.

The engines which produce the airplane with the lowest gross weight are the

highly advanced rotary engine and the highly advanced technology diesel

engine. However the highly advanced technology spark ignition engine, the

advanced rotary engine and the turbine engine also produce light airframes.

The highly advanced rotary engine produces the airplane with the lowest empty
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weight but the other advanced enKines,

produce airframes nearly as light.

particularly the turbine engine,

The rate of climb of the airframes with the scaled engines, with the exception

of the spark ignition engines, is not as good that of the baseline airplanes.

The differences in rate of climb are caused by the design excess power

previously mentioned as well as the reduction in engine size achieved by

scaling the study engines. The engine size was driven primarily by cruise

speed which was held constant in this analysis; rate of climb was variable.

The rotary engines provide acceptable rates of climb, although their climb

performance is not as good as the baseline engine. The diesel and the turbine

engine may need to be rerated, resized or cedesigned to provide acceptable

climb performance, particularly at cruise altitude. Resizing these engine_

for climb may reduce their efficiency and/or effect their weight and cost

advantages.

D"

B

[

m

The most efficient engine, that is, the engine requiring the least fuel for

the design mission, is the diesel. The highly advanced rotary engine and the

highly advanced technology spark ignition engine produce airframes which use

only slightly more fuel than the diesel. The turbine engine use_ more fuel

than any other advanced engine in the study, even though it has been scaled

down to less than eight-tenths of its original size. The turbine does,

however, burn significantly less fuel than the baseline engine.

- 26 -



The results of the fixed mission analysis with the revised turbine engine data

indicate a significant improvement in fuel economy and a reduction in airframe

weight. The empty weights of the airframes with the improved turbine are

equal to or lower than the empty weights of the highly advanced rotary engine

ai,planes. Mission fuel consumption of the improved turbine, while

significantly lower than the original turbine, is still the highest of all she

advanced engines. Other performance capabilities of t_e revised

engine/airframe are very similar to those of the original turbine engine.

5.4 PARAMETRIC STUDIES

Several _tudies were performed to determine the effects of changing selected

mission parameters on the relative performance of the advanced engines. These

studies were performed in the same mar- r as the fixed mission analysis.

Cruise altitude, cruise speed and cruise range were varied to check for

changes in relative engine performance. Only the highly advanced engine of

each type was used in this study. The single engine airplanes were analyzed

in the parametric studies since it was found in the previous phase of the

contract study that the relative performance was the same for singles and

twins.

Altitude Parametric Study

Design cruise altitude was varied from 15000 feet to 35000 feet to determine

the significance of cruise altitude on relative airframe sizing and relative

engine performance. Cruise speed, range and payload were held constant. The

resulting airplanes were capable of performing the baseline mission at a new
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design altitude. The results of the parametric altitude study are shown in

Figures 35 and 36. Detailed numerical results are contained in Tables Aq

through A12 in Appendix A.

The Jiesel engine is effected more by changes in altitude than the other study

engines primarily because the power lapse rate of this engine above critical

_Ititude is very high. At altitudes above 25000 feet the weight of an

airplane using the diesel engine rises very rapidly. The reason for this ix

that the engine, as designed, must be quite large to maintain adequate power

at these high altitudes. The diesel remains a very efficient engine in spite

of this lapse rate. The fuel use increases very little even at 35000 feet.

The turbine engine on the other hand uses more fuel than the other advanced

engines regardless of altitude.

The rotary engine maintains a slight edge in gross weight and empty weight on

the other study engines for a large altitude range (17000 feet to above 35000

feet). Also the fuel requirement for the rotary is not significantly greater

than the fuel required for the diesel or the spark ignition engine.

Design altitudes above 25000 feet are of dubious value for the class of

airplane considered in this _tudy. Only small improvements in fuel economy

occur above 25000 feet and the airplanes designed for the higher altitudes are

generally heavier than the 25000 foot cruise airplanes. The increase in empty

weight would probably lead to increased costs for these airplanes.
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Speed Parametric Study

Design cruise true air speed at 25000 feet was varied from 175 knots to 250

knots to determine the effects of cruise speed on relative engine performance.

Range and payload were held constant. The results of this study are shown in

Figures 37 and 38. The detailed results of this study are contained in Tables

A13 through A16 of Appendix A.

The weight of the airplanes produced increases rapidly as the design cruise

speed increases. The higher cruise speeds require larger, more powerful

engines. These engines use more fuel. The net result is that a larger,

heavier airplane is required to meet mission requirements.

The turbine engine at high cruise speeds produces lightweight airframes. The

fuel economy of the turbine becomes more competitive with the other engines at

high design cruise speeds. High ram pressure at high speed and lower specific

fuel consumption of large engines (see Figure 2) required to obtain high

cruise speeds contribute to the improved economy of the turbine under these

conditions. The effect of airspeed, as noted here, may be more pronounced on

the twin engine airplane since the twin is operating at a higher air speed.

The spark ignition engine produces heavy airplanes at high cruise speed due

primarily to the lower power to weight ratio of this engine. The fuel economy

remains competitive with the other advanced engines however.
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The rotary engine produces the lightest airframe over a wide range of cruise

speeds. Mission fuel requirements for the rotary are comparable to the other

engines but the diesel maintains a slight edge in fuel economythroughout the

speed range considered.

Range Parametric Study

The design range at 25000 feet was varied from 500 to 1200 nautical miles to

examine the effect of range on relative engine performance. Payload and

cruise speed were held constant for this study.

Aircraft empty weight and horsepower did not change significantly with design

range. Mission fuel requirements changed quickly with range. The changes

noted were generally linear with very little change in relative performance.

Results of this study are shown in Figures 39 and 40 and detailed results are

contained in Tables A17 through A20 of Appendix A.

Inlet Efficiency Study

A study was devised, in response to a request from NASA, to examine the effect

of combustion air inlet ram recovery on the study engines.

This study was targeted at the intermittent combustion engines. The turbine

engine data already includes a reasonable ram recovery effect and no

significant performance improvements would be expected from an increase in ram

recovery.
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First the characteristics of each intermittent combustion engine were examined

to evaluate the potential benefit of a high recovery inlet system. Ram

pressure recovery affects engines differently depending on the operating point

of the engine and the restraints which establish that operating point.

An engine operating at its design continuous power at a given altitude wil_

not benefit from a high recovery inlet. An increase an inlet pressure (or

density), if utilized by the engine, would raise the brake mean effective

pressure (BMEP) above the maximum allowable BMEP (design continuous BMEP).

The engine would have to be redesigned (higher technology) to allow the

increased BMEP. This is the case for an engine operating at or below critical

altitude.

The spark ignition engines and the rotary engines are throttled at 25000 feet

to produce 250 horsepower. These engines are operating at design cor,tinuous

power under these conditions. An improvement in ram recovery would not

increase the performance of these engines below 25000 feet, however

improvements in ram recovery could increase the critical altitude by as much

as 2000 feet at cruise speed.

An engine operating below its design continuous power can uee ram pressure to

boost the BMEP (up to a maximum of design continuous BMEP) and increase power

output. This will occur for an engine operating above critical altitude, that

is, an engine using all of its turbocharger capacity.
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The diesel engine, operating at 25000 feet, is well above its critical

altitude of 17000 feet, and it will benefit from a high recovery inlet. A

power increase of 16 percent is possible at cruise condition (25000 feet, 235

knots) with 100 percent ram recovery. This increase assumesthat engine power

output is dependent on air density at the compressor inlet flange.

A fixed mission single and twin were analyzed with a diesel engine and a high:

recovery (I00_) inlet to examine the effects of the inlet. 3peciflc fuel

consumption was assumednot to vary with speed.

allowed to vary with altitude and power setting.

shownin Table 4.

Specific fuel consumption was

The results of' the study _re

The horsepower required at cruise speed and altitude is virtually unaffected

by the ram recovery. The high recovery inlet permits a smaller engine to

produce the required cruise power. The required mission fuel was not

significantly affected by the change in ram recovery, since cruise speed and

cruise fuel flow did not change.

Although cruise performance was not significantly affected by the inlet

efficiency improvement, a reduction in climb and takeoff performance was noted

due to the smaller engine used. The takeoff distances required by the

airplanes with the high recovery inlets were slightly longer than the

a_rplanes using the low recovery system. Rate of climb was lower and time to

climb to cruise altitude was longer for the high recovery engines. The

performance changes noted occur at low airspeeds, where ram recovery is less

effective and the performance of the airplane is established mostly by static

engine power rating.
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This study indicates that no change in relative performance occurs at high

inlet recovery ratios. This is not to say that an advanced engine would not

benefit at all from a Nigh recovery inlet. An inlet such as this may be used

to improve the high speed performance of an engine but gains _n overall

economyof operation cannot be expected.

5.5 COST ANALYSIS

An estimate of acquisition cost and operating cost for each engine/airframe

combination was requested by the contract. These estimates were made, to the

extent possible, for the fixed airframe airplanes and for the fixed mission

airplanes.

Sufficient information was not available for many of the study engines to

produce a complete estimate of operating cost or acquisition cost. Engine

acquisition cost was not available on a comparable basis for all of the study

engines, therefore, engine acquisition cost was treated as a parametric value

in the costing analysis.

A complete operating cost estimate would include fuel cost and use, oil cost

and use, inspection and maintenance costs, insurance cost, hangar or storage

costs and engine exchange or overhaul costs. Insurance, storage or hangaring,

and airframe inspection costs are functions of airframe size and type. These

costs would be about the same for any of the airframes developed in this

study. Oil use, engine overhaul or exchange costs, and engine maintenance

cost are functions of engine size and type. No information was available on

these costs and no method exists to adequdtely estimate these costs

particularly for the advanced engines considered in this study.
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Fuel cost is the only part of the operating cost which could be adequately

estimated. Fuel cost per hour has been established for each study airplane.

Acquisition Cost

Airplane acquisition cost is based on aircraft empty weight, engine cost,

standard equipment cost and standard avionics cost.

Airframe cost was based on historical data and learning curve theory.

Airframe weight was estimated from aircraft empty weight, engine weight and

weight of additional equipment. Airframe materials were priced on the basis

of current materials costs. An eighty percent learning curve was used to

estimate manhour expenditure per airplane and current labor rates were used to

estimate labor costs. Amortized development cost, factory profit and dealer

markup were added to the cost of materials and labor to produce a base selling

price. An additional increment was added for typical optional equipment and

avionics to arrive at total acquisition cost. An outline of the cost analysis

method is given in Appendix B.

Engine cost for the above procedure was treated parametrically. The results

are shown in Figure 41. The information in Figure 41 is presented as a

percent change from baseline. The baseline costs For the single and twin were

established at a cost for the baseline engine of $10,000.

!

!

In general, the fixed airframe airplanes with the advanced engines cost more

than the baseline airplanes for the same engine cost. The fixed mission

airplanes cost less than the baseline airplanes for the same engine cost.
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T_ese charts can al_o be used to determine the relative costs of airframes if

the costs of the engines are known.

Fuel Cost

Fuel cost estimates were based on fuel cost per gallon and cruise fuel flow.

The current costs for 100 LL avgas ($1.90 per gallon) and Jet A fuel ($1.70

per gallon) were used to establish fuel cost per hour.

Fuel cost per pound was found by dividing the cost per gallon by the

appropriate fuel density. 100 LL avgas has a density of 5.87 pounds per

gallon for a cost of 32.4 cents per pound. Jet A fuel has a density of 6.74

pounds per gallon and a cost of 25.2 cents per pound. Fuel costs per hour was

found by multiplying fuel cost per pound by cruise fuel flow rate in pounds

per hour. The results were normalized by dividing the fuel cost per hour by

the fuel cost per hour for the baseline airplanes. The normalized results are

shown in Figure 42.

All of the advanced engines except the advanced technology spark ignition

engine are capable of burning jet fuel. The baseline engine and the advanced

technology spark ignition engine require 100 LL avgas. The comparlson of fuel

cost for engines which burn a particular fuel is equivalent to a comparison of

fuel flow. Fuel cost per gallon introduces differences only in the case of

engines using different fuels. Figure 42 indicates that several of the

advanced engines will cost less than half as much to operate as the baseline.

This margin is dependent on the relative costs of avgas and jet fuel.
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i 6.0 CONCLUSIONS AND ENGINE RANKING

The factors considered in establishing a ranking of the study engines were

airplane empty weight, mission fuel requirements, airplane cli_b performance

and engine installation characteristics. Acquisition cost and operating cos:

were not considered heavily in ranking since engine cost was not available.

5.I Mission Fuel

The fuel required to perform a mission was considered heavily Jn establishing

the engine ranking. The type and amount of fuel an engine requires is very

important particularly when fuel supplies are limited.

The diesel engine consistently required less fuel for a particular mission

than the other advanced engines. However, the highly advanced technology

spark ignition engine and the highly advanced rotary engine were very close to

the diesel in fuel economy requiring no more than 6 percent more fuel than t_e

diesel in general. The turbine could not achieve comparable fuel economy

except at very high cruise speeds.

J

!

i

The 6 percent spread in mission fuel requirements amounts to less than 40

pounds for the twins and less than 20 pounds for the singles. A slight change

in engine characteristics during development or the failure of a critical

technology item to meet design expectations could result in a change in

relative efficiency of the engines. Additional uncertainty exists in the

scaling rules employed to size the study engines.
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The diesel engine, the highly advanced technology spark ignition engine and

the highly advanced rotary are considered nearly equal in fuel efficiency

ranking.

6.2 Airplane Weight

The highly advanced rotary engine and the turbine engine produced the

airplanes with the lowest empty weights. The airplanes having the lowest

gross weight were those using the highly advanced rotary engine and the diesel

engine°

Although the rotary engine produces the lightest airframe, the other highly

advanced engines produce airframes which are no more than 8 percent heavier

than the airframe with the rotary engine. This eight percent change in

airplane weight is considered significant since it is caused primarily by a

change in engine weight. Engine weight accounts for less than 25 percent of

the empty weight of the baseline airplane.

The highly advanced rotary engine is the most favorable engine since it

produces an airframe with low empty weight and low gross we:[ght. A light

airframe should result in lower acquisition and operating costs. The turbine

is competitive with the rotary on the basis of empty weight however the fuel

required by the turbine elevates the gross weight significantly above that of

the rotary engine airplane.
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!
T The highly advanced technology spark ignition engine, the diesel and the

advanced rotary (RC2-47) also produce light weight airplanes.

6.3 Performance - Rate of Climb

Airplane performance is an important marketing consideration for an airframe

manufacturer. Significant differences exist in the performance levels of the

study engine/airframe combinations. The differences are caused primarily by

differences in the engine climb power ratings set by the engine manufacturers

and by differences in power lapse rate with altitude.

The spark ignition engines, as designed, provide better climb performance than

the other advanced engines, followed by the rotary engines, the diesel engine

and the turbine engine. The spark ignition engines provide rates of climb

better than the baseline engine. The rotary engines' climb performance is

below that of the baseline though not significantly.

The diesel and turbine engine powered airplanes do not climb as well as the

airplanes powered by the other study engines. The climb power available from

these engines was assumed to be maximum cruise power since no special climb

power rating was specified.

!

!

Redesigning or rerating the engines for climb would improve the climb

performance, however this would require changes in operating temperatures,

operating pressures, fuel flows or other design features. These changes are

outside of the airframe contractor's area of expertise and no investigations

of the benefits of redesign or rerating were conducted.
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6.4 Range-Payload Capability

fne results of the fixed airframe analysis indicate the range-payload

capability of each advanced engine at maximum cruise speed. Installation of

an advanced engine in an existing airframe can provide increased range,

increased payload or both. The fixed airframe study shows the extreme case of

constant payload.

The highly advanced rotary engine, providing over twice the range of the

baseline engine, would be an excellent candidate for improving exisitng

airplanes. All of the advanced engines improve the range-payload capability

of the airplanes in the study.

The range-payload improvement is important particularly for the entry position

of a new engine as a replacement or retrofit into existing airframes.

6.5 Engine Installation

_

[

The turbine engine and the rotary engine provide the smallest most compact

packaging of the advanced engines. The size and shape of the power plant are

of particular concern in the twin configuration where increases in engine

frontal area directly affect the airplane frontal area and drag.

The spark ignition engines and the diesel engine have no particular

installation advantages or disadvantages compared to the baseline engine. The

auxiliary power feature of the diesel engine turbocharger loop, while

convenient for ground operations, provides no fuel efficiency advantage for
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the airplanes in this study, nor does this feature influence the sizing of the

diesel engine.

The turbine engine requires a rather large exhaust stack. The stack

introduces no major problem on the twin where exhaust can be dumped over ti_e

wing but the stack may make a significant contribution to the drag on the

single engine airplane. The size and shape as well as the low weight of this

engine allows a very clean and efficient installation on the twin.

The rotary engine, with its small frontal area and liquid cooling, provides a

very clean and flexible installation. The integral accessory mounting pads

improve the efficiency and simplicity of the installation.

6.6 RANKING

Final engine ranking was accomplished by means of a numerical system. The

details of the ranking system and the results are outlined in Appendix C. The

ranking system was based on mission fuel use, airplane empty weight, time to

climb to 25000 feet, relative installation efficiency and multifuel

capability.

The final ranking of the engines is based on the fixed mission analysis and is

as follows:

I. Highly Advanced Rotary, RC2-32
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2. Highly AdvancedTechnology Diesel

3. Highly AdvancedTechnology Spark Ignition, GTSIO-420/SC

4. AdvancedRotary, RC2-47

. General Aviation Turbine Engine, GATE

(Revised engine is significantly better than original but no change

in rank occurs)

6. Advanced Technology Spark Ignition, GTSIO-420

The highly advanced rotary engine was the top ranking engine in the study.

Low engine weight and flexible installation are the engine's strong points.

The installation flexibility stems from the integral accessory pads on the

engine and from the liquid cooling. The liquid coolant allows the cooler to

be located in almost any position on the aircraft and should help reduce the

frontal area and drag of the installation. The generally small size of the

engine also helps reduce drag particularly in the twin.

makes this engine more attractive for operations

availability is limited. The performance of the

comparable to that of current engines and fuel economy Is excellent.

Multifuel capability

in areas where fuel

engine is generally

The diesel engine was ranked second. The diesel was the most fuel efficient

engine in the study and the engine was also quite lightweight. Unfortunately,

the climb performance of this engine at cruise altitude was poor, in part

because the engine was rated to cruise at full available altitude horsepower.
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i A larger engine which could be throttled for cruise would provide improved

climb performance, albeit with somesacrifice in empty weight and cruise range

or efficiency. Alternatively the engine could be rerated or redesigned for

climb. Performance improves at design altitudes below 20000 feet.

Installation is comparable to the baseline engine.

The highly advanced spark ignition engine was ranked third. The engine'_

strong points are efficiency comparable to the diesel engine and excellent

performance at altitude. The installation requirements are nearly identical

to that of the baseline engine. The spark ignition engine, however, is

somewhatheavier than the rotary or the diesel.

The general aviation turbine engine is comparable in weight and size to the

rotary engine. The specific fuel consumption is higher for the turbine than

for any other engine in the study including the baseline. The turbine engine

has a definite place as a Jet fuel burning replacement for the baseline

engine. As such, this turbine engine would improve the range-payload

capability of current airframes. The prospect of jet fuel operations would be

very attractive to overseas customers. The performance and efficiency of the

turbine engine improve at high design cruise speeds (larger engines) so this

engine might be an excellent candidate for very high performance airplanes.

T

!

6.7 OTHER CONSIDERATIONS

The objective of this study was to rank the subject engines according to their

in-airframe performance. The final ranking based on the performance

evaluation is shown above. There are other engine characteristics which

require examination before a final decision is made to pursue a single engine.
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Vibration

The vibration level of an engine may directly or indirectly impact the weight

of an airframe. An engine which vibrates excessively may require a sturdier

engine mount, heavier vibration isolators or additional soundproofing to

provide an acceptable piloting environment. Certainly vibration will add to

pilot and airframe fatigue. Vibration may also have an impact on engine

reliability, however no data is available on the real reliability of any of

the advanced engines.

The engines thought to have the lowest vibration level are the turbine and the

rotary engines. The continuous combustion of a turbine produces very little

vibration and rotary engines are _ener_ly very smooth running engines due to

the rotary design.

The diesel engine and the spark ignition engines are anticipated to have

vibration characteristics comparable to current spark ignition engines.

Unresolved Technologies

Certain critical technology items must be developed for each engine candidate

to meet the design goals used as a basis for this study. The ability to

develop the required technology must be considered in the decision to develop

a particular engine candidate.

!
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The spark ignition engines ar_, with the exception of the turbocompounding and

the stratified charge, growth versions of existing engines. The success of

both of the above technologies is critical to the capabilities of the highly

advanced technology spark ignition engine. The stratified charge combustion

chamber is responsible for the multifuel capabilities of the engine. The

technology required should not present an overwhelming obstacle to the

development of the engine. Turbocompounding machinery, the second critical

development item, has presented maintenance and reliability problems in the

past when applied to aircraft engines. Any such problems must be eliminated

from an advanced engine if it is to be utilized successfully by the general

aviation industry.

The diesel engine is dependent for its success, on the development of

advanced, lightweight, high-temperature materials. These materials are

imperative for the engine to tolerate the reduced or limited cylinder cooling

proposed for this engine. This engine is also dependent on the development

of a very high efficiency turbocharger to meet the specific fuel consumption

goals set for it. The turbocharger/bleed air starter is a new concept which

will require sufficient development to eliminate maintenance and reliability

problems.

].

l

l

The rotary engine, like the spark ignition engine, will require considerable

development for the stratified charge combustion chamber to meet SFC goals and

to provide multifuel capability. Advanced materials will be required to

achieve the desired engine weight levels, and a significant amount of

development is required on apex seal technology for these engines to meet

design goals.
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The turbine engine, in addition to requiring advanced high strength, high

temperature materials, must be produced at a price competitive with other

engines. Turbine engines, due to supply/demand economics, have historically

been much more expensive than other aircraft engines (spark ignition). Thi_

trend needs to be reversed if the turbine engine is to be a successful

alternative for general aviation aircraft.

Public Acceptance

The view of the perspective customer cannot be neglected when marketing a

general aviation product. Neither the diesel engine or the rotary engine have

established a reputation in the general aviation community. These top ranked

engines may encounter stiff resistance or indifference unless their safety and

reliability are unquestionable.

The spark ignition engine and the turbine engine, on the other hand, have

established a record of reliability among pilots and maintenance personnel.

The turbine engine in particular, has a reputation for trouble free operation

which makes it the most desirable engine from an acceptance standpoint.

7.0 RECOMMENDATIONS

The top ranked engine, as stated previously, is the highly advanced rotary,

RC2-32. This engine can be strongly recommended for continued development.

The decision to develop this engine, as with any engineering decision, is a

compromise. The other engines in the study are also efficient and effective

alternatives to the baseline engine. The diesel engine and the highly
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advanced technology spark ignition engine are, within the accuracy or the

st_idy, nearly as promising as the rotary engine.

The ability to develop an engine within the desired time frame is as important

as that engines performance capability. The rotary engines achiev,_

significant improvements over current technology engines with less reliance on

very advanced technology procedures than the other advanced engines. The

advanced rotary, RC2-47, is also a very promising engine which may be

available earlier than RC2-32. The multifuel capability of even this early

engine increases the desirability of its development.

A primary concern in the general aviation community, particularly overseas, is

the availability of avgas. Jet fuel is often available or is much more

abundant than avgas for overseas operators. The cost of current turbine

engines prohibits their use in small aircraft of the type studied in this

program. Any low cost, efficient engine capable of burning jet fuel would be

very attractive to the general aviation manufacturer.

?

!

NASA may need to consider developing the technologies required by all the

advanced engines in common and allow the individual manufacturers to apply the

technologies to their designs rather than invest in the development of a

single engine type. This type of development would foster competition among

the engine manufacturers and may provide a wider range of engine options for

the 1990's. This would allow the general aviation manufacturer to select an

e_ine suited to his particular application.
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7 _

BREAKDOWN OF ADDITIONAL ENGINE WEIGIIT

SPARK IGNITION AND DIESEL

Battery 23

Propeller 80

Spinner 4

Mounting Isolators 5

Overvoltage Relay i

Prop Attaching Parts 4

Exhaust Dump 4

TOTAL 121 lbs.

(;ATE

Battery

Propeller

Spinner

Starter/Generator

Exhaust Pipe

Anti-Ice

Accessory Drives

Vacuum Pump

Oil

Additional

65

80

4

17

5

2

3

2

8

I0

196 ibs.

ROTARY

HIGHLY

_V_C_ _V_CED

Battery 23 23

Propeller 80 80

Spinner 4 4

Governor 3 3

Starter Switch I 1

Voltage Regulator I 1

Overvoltage Relay I 1

Alternator 17 17

Mounting Isolators 5 4

Prop Attaching Parts 4 4

TOTAL 139 ibs. 138 Ibs.

TABLE 2
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LIST OF SYMBOLS

BASELINE ENGINE TSIO-550

ADVANCED TECHNOLOGY SPARK IGNITION ENGINE

HICHLY ADVANCED TECHNOLOGY SPARK IGNITION ENGINE

HI_ILY ADVANCED TECHNOLOGY DIESEL ENGINE

#DVANCED TECHNOLOGY ROTARY ENGINE

HIGHLY ADVANCED TECHNOLOGY ROTARY ENGINE

GENERAL AVIATION TURBINE ENGINE - GATE

- 53 -



-/-

o

LIJ

LIJ L._
Z

_J ,--,
LI,J __1
0') ',::E
LIJ (-_

L.)

0'3
0
_.J
0

"-I- ,'=:E
L.)
LIJ

L_J W

W
Z

Z

J

,/L' i

/

o

p-,

cD Q

C

v
o <

/

0 0 0 _ 0

"19 O00'$Z @ (aH-dNS/'SSq) 39Sg 9SINaD

0

- 0

/

/

I I

/
/

o

0

0

o

o
eL,

.3" 0
::=

0

o
o E-_

o
0
0,t

_.D -1" _ (_,

(dH "0"$ _3d "S£q) ±HglgM 919133dS

- 54-

LLI
P/

Z)
L_

LL



k--
Z

._1

,---I 0 0
0 ILl r'_

t---

.._1

io-

iT

U_ I.L

i:_ rn
tll Ill

/
/

/

/
/

/
/

/

1

1-'4 _

::D_SS_ 3AIZV73_

07

0

0

0

,,v
ud

0
n

o l.U

L_ n_
0
"T"

1.1,.
0 0
0 W
'_ V

I--"

I--"
Z

0 I.,IJ

CY
W

0

0

4 0

0

- 55 -



|

T

F----
O0

ILl
I"-,-

Z

Z
LtJ

EL
o

rnO

jLr_

L_ c_

L__J

LLlty

DO

pl

.W
u_ _j _:

.0

O_l&.
I

_z mv >2

_<_
L)

b.
t.L
0

I

Lu
5Z

r,n

..J

0 0 0 0 0

0 0 0 0 0

a3_Od 9N]ON3

!

4- 56 -

I



o

ug
F-
3z

L_

nn
LJ..J
Z_J

Z
_4

Z

Z

F-

ca

C_

(/I

b-r_ r_

0

_0 h_

C_

r-

_ 1 _..:.._: _.:._:::::_:;:::::::::_-::::::::_i I

_!i.:':i.:.:I ":.:_i__i iiii!i_!__!_ g::_ii_!i_i_i_

_:':_:_:_:_:i_ii_:.::_:.:::!_i.':::::::::-':::!iiii!iiiiii!!iiiiii i!iiiiiiiiiii.:.'-ili_i::iii,0 ° • • • • _-_ .% • °% _%00%o0o00_

....... I ...... !.... :-'i ' 1 !

,,_;0eo0...°.01-°.eeo0:°.°:..'..°'.iOl.

,ooo..0, ...% 0. _ o _..00.0.0. _

•_-.-_-_.:.: i:_...:.:.:.:d;:_:_:-':::::':ii]ii."]:.:::i_!i;:::::::::::::

_:.':ii:'_:._ii:-'-'-:':':::-_:'"-:"-'-ii,:.:.:.:.:.:.:_.:_:_::_:!:'....'.:

@

@

r/

_i_!_:...i_ii_..:!i_i!_:.:.-:l@

i:_4i;i:i_i;: • :

C_

Cb.,

- 57 -



c_.O

,--- 0

Lr_

._J _0
L_ b--
(.#3

t

/

/

'j
r_-r.

f

_i t °

i!_ ,r t ' '_

- 58 -

,12



L

i

Z

L.L_J I,_
Z !

.__i _m4
i_L.I C_

- 59 -

!_-J •

r_



I'

, \

_______;_L. _ _ i _ ; -

",i -J

_J

Z_

_J-.J I
Z-.J 0

I..LI _/') _

- 60 -

i/

__:t .i ,. T-,i-i"% t i

L

i,_-.-ii_ t t,_.... .

o[



_z

,)

o_ rooR

t

. - 1

,, ,, _-_'.%c'-_I_ ',1 i i ',

,, _____ _.., \

[i I li:'

i ', i 1
..... ,_....._........

' / I)

\
\

"L----"" "
o,.

L_-- i ,i,_---_: I,

i_

i

r ?

_ )-=_ )==-

_... z ====I

I.Li :_' I---

--II--,-='

I-,-
- 61-



!

._.I

Z
c/')

crj _.
0

z

z GO

o._ C_l
Go

i

Go
z I--

,' i

;, d'

i_l "//i

2/--

- 62 -

I '/

2



Z

0 C',,,I

I-- t
,,,,--, 0

n 0
oO C',,I

I.a,l 0

L

1

i

I
l

5 j

- 63-



1

i
,f

°

t

'i

t

i- T'- ......

ORIGii'iAL " _'"-

OF POOR QUALITY

i

i
!

..... ___X_
I

i

I..

i

Z

Z

0

Ol--

b----J

¢__t--

t_ __J

U
Z

- 64 -

I'--- _X\ !

,f ........

i 4

] _ i , :e,'''_ ..... !
, , .. ,mL__._+__

I I ,

{ : l_ \.t.I .-, c , ,t,

\,

/
i i

\
/

1



ir

i

J

ORIGINAL PAGE IS

OF POOR QUALITY

_,_

I

_ L.,

g_

g°

L

!

/ il

/. J

rl f

1

I _._\ o :_I -

t-h
,,...4

I--4

Z
I._10

GO LI_I ._.J

_:::_ Z I---

_.._ _.._ Z
Z I--,- _.-.-_

X_=z

- 65 -

i

t . . ¢1 .... _j! _ j /"

c



?

__I

I_i..I

L_
_.J >-

Z 0
_..J

Z
-.J
I__ ¢__
Gr) L._
L_ I'--

L_

Z

Z

i

/ I

I"'f-_, it

_,i!i/ [', ' - I

/o

I



J

1

__.I

Z >--

I-- --J
0
Z

l_l_J .-r-
crj
I__ I_i_I

u_J
__3 Z

>-
_.I

- 67 -



QF pOoR QU:,!._T'I

iJ J

,\

li i'

, . , i:_ \ -

. \ , _.., f

• '

" _---I-IIi _?
/

t /I

\ /
/

/

\ /

o

c_._.-J

i,i t--

Go
- 68 -

o

1
\

i
"l

Y

\

cD

\
", /

\' ! i

/

,,/

/,,"

g/

//

. . _..-4r !

',_): "' ': 2../_:,.,_ .._-.:'---I_--_-_

-. Z 4, *_ ,,:" "-_._ /

• iI



.....,, ._ - r-_ !---"

"". i > '. ;:' L..-j-

J-: t' ' /

\ --------_--_ J i
:., \ 'I!, _ /
2 i _ /

\

\
\//

Z

L.LJ ,--.,
ZF---

Z-.J

LLJZ

"-'Z

I---

- 69 -

ORIGINAL PAGE I$

OF POOR QUALITY

\ '.J

//

%.... &.._ .

i.

".7

._

/

E

"t:. ¸

_-/, _ ,,,¢=z_I , ;

_d ,. _ _ ._J

i

, (" _-., x,-_, .

, /i; /', _¢',', '_

I

r_



I_

_._
Z U

>-

I-- I

0 ,C'_I

_--_r--O.

!

i/ i

J J

l-----_= J /

• i

\.

_h

i

_ 1 _
i

, I

t

t

\/

r,.



4

r_
z i
,--, c_l

i--- rY

r_

o i
eY c_l

L-Y

i I ,r

- 71-



}

?

Y .....

\ !

! \i

I

I .

\-
\
\\

ORIGINAL p_GE !_
OF POOR Q-,;_'-, '_

f " - i

: i , ; r]i.... :.....

\

Z
0

LLI I---
z ,,_.
,...,, ._J

..-J
z <:_.
LLI I.-.-

C,O
:>- z

I-..- LI_I
_.-J
C_.

Z

I ,11"

.!

J

-_ , t;"

.... X.-- . . \ .....

t.

I '
E

' 'F..... _]' /

! ,u
_ , , . ._ ...........

__ , .; .... /.I i I L _, . /

I ; /. I L ,_i__i. i
\-./ ' ; ....j"

- 72 --- _



! , ORIGINAL P_C,E ,'-:_
OF POOR _'"' "" '(_oi,t-I i "t

A

t

i

_...Jr /_..... ..... i

' i -i

J

i? /
! ' 1

/ /

i /

\

t_ //
\X.j /

Z

Lm.l,,.--_
Z_

_m,'.....j

C_Z

l---m

- 73-

,,': . - •

. w,.-----_'-_`_

t _ ..... ..... 1f

-7_.

I

F.T..1

e..',',')
I--4

/

i . >J

f

t



L_
LLJ

_-0 Z
Z "-"

_.J _---
Z
.---, LLJ

I¸'

L



z L._
Z
,--.,

I--- C_

Z F'--

C_ F.-

F-.-

- 75-

o

I

\

1

F

/

/

c"

L..C



k_

4

b

i
1

x,_ _ , _ _

i • i "'/ /"
• i i //

;, , i J J_
' ;----L___L ,1 •

i:

-_\', i:

, /

=P
c::)

L.LJ I--.-

z_

=," <z:
LIJ I-_

L_JZ
Z'--_

C_ .._J

ORIGINAL PAGE IS

OF POOR QUALITY

k

O

- 26-

\

.. . o_

1', ...-3~ --

fJ'_

/

• I', ....... _,.,_, ,_' 1; " ,/

f': _ ,_ ,,._1
I . . ., ",.q

, >.,.

;

I

/

/

......

I
t

t

i ,

,..-.1"

t'N

1--I

4.

/

:j'



I

1

I'-

I

I

I

I

I

I

I_

_!

!

I_

\

\
\

\
\

ORiGINAl- PAGE IS
oF poor QUALi'T'Y

I

It._
I

!

|

'I: '_7+_-_'-'_'-+ _' , +-J

--_i+ +r _ ' i,,/? S

H, ,r F°

:t It _ /',<

i i I ]_,<" ! \

-1_i +_"II: i:
I #+++, _,

+_ I I,t_,;' I _+,
_ I .-I "_-+- . _-_---SL_

'!' , $,1.,

\,

It '

1_ _

!-

i

Z
(=)

I.LJ ,--,
ZF---

(._ ...J
Z...J
I._ .=C

ZZ

- 77 -

t _'_,-,.-- dL ,,!'i ,i_,',



I

O"

FOL_NGE

WING

LOA D ING

i

INPUT GROSS I_rEIGHT.

PAYLOAD AND

PE RFORH/LNCE CRITERIA

ii i ,| i

!

r' ]
DETERHINE AIRCRAFT

GEOMETRY
, ,, , l i I

I COHPUTE IIIGH- LI FT 1AE ROD YNA.H ICS
• i

1
i

_Y . ,,

N_ICS AND SIZE ENGINES !
i i im •

' 1

[ ..........jCOHPUTE STRUCTURAL
WEIGHT AND BAL&'_CE

AIRCRAFT

i i

FLY MISSION PROFILE ]AND COHPUTE RANGE
i

N

i m

CHANGE

GROSS

WE IGHF
i |

FIGURE 26

- 78 -



W
--.,I

Z

i,i

U._

X

U.-

uJ

Z

0 LU I,LI
LL _D _"_

ILl
J
113

T W
_._ N

I._ LtJ _t) tl_
3 ,-v. r'h

_ _ uJo
0 Zo

U._ r,4_ .,_/ b.-,I 0

OZ >'- _

_.:_ 31: I:).. LLI c4

Z

Z
O
U

O

k

I

J

O O

O _

I
I iI
ILl

'I

::-:::::!::::::::_
!:i:_:!:1:':!:_::_
i:':!:!:!":_:_:_:_:

:i:i:i:i:!:!:_:_:_t
::::::::i!i:':i:':!
i:i:i:_:i!i::.:i:i:!
:':_:_:{:t:-:.::':':J

i

0 0

00 -.1"

®
r_

@

u_

rn

C)

o o o
o o

S

_Ei_ _.-.-._.-_.-...-.-..,::.::.:i:.:_N::.-':':i':':':';':,.....-:u_

i

C_ ._
_ .:t"

U')

I...-
v

E3
ILl
LIJ
O-

L_J

g
ry
U

z

u.I

Z

:E
13..
I.L
v

r,/)

J

u3
t-,-
1-

3=

c'4

:::3

t
- 79 -



O0
Z

ILl

U--
rv-

c_E

X

LL.

U
Z

rv"
0
U..
rw"
UJ
a.

I
ILl
-a
nn

>

L
I--
T 1

M

0
rv

!

Z

u_
Z
0
u

m

rv

OZ o

_ _ Z _

_ 0. LU c_

0

0

_0

...:.:.:.::.:-.:.:...........
i_:_:-.'::_.,.......:""-"-':_:_:.':_

i:_?:?:!:.'.::?:_'-:_:'_:_:':_:?!
":_:_:__:_:_.'.":_:i:i".'."-'."

!i?:i,:ii!_,:i:i?!:?:?_:?:?:?

:::::::::::::::::::::::i_i_i_!:
jj..j° .....•:.:.-'.:.;i:i_:i:::::::::

@
®

©
®

@

l

®

b_

L_

b_

Z

r_"

l,

r_

u_
rm
..3

7-

_J

L..

- P_O -



t

I...i,
.._J

Z

L.I.J

Z

I..LJ
X

I.J_

"F

3=

0
n,,'

1

_J
rn

>

,<
LIJ

<E

Z

I

Z

I,-.-
v')
Z
0

w

Z

_E
n,,'
0

t'Y
LLI
0...

L.L.I
N

r,,,
._ u.J o
o uj z o

>.- z _
_ ,_ z ,..n
r", r_,' w c,4

L_
L
I

[

c_ oo 4"

I
I ,,

[
E

b.

!
[--- _-

o c)
,4_ ¢,4

i .,,

n,,

33

,,

I
1

r-

tgi_-"_iii_"":""'"
l'_i:_:...."" ....

_. _.'-"._-'.;!'_'i!.:.".'.::!-.'.-'.'.-".'_.'.'-i:

E.'.:&=.-.)_.:....:+-::::.&-::::.::...:'.-_:_-.

o o
o0 .-I"

! I
1

0 _ 0 0 0 0

0 0 0 0 0

@

@

{,/3

rn

L ,

[

m

Q

,=.1"

®
®
rl,,

@

a_3

c_,

F2::.:i_:::::::::::::::::':""':':':':':':':':"............ • %%','-*-,'z%'_'-.'-

@
@

@
O

- 81 -

ksJ

c,'_ .¢_

t._ ,,z

Ck

,'n
._A

_3
LIJ

ix_

..A

N:

k.2

L..,



• °

"IF

i

(k
Z

l---

ILl

Z

I.LI
X

l.i_

b--

C__ C-J
Z

t,'i "'

eY l,i.l

i

-.i
OD
<
i,,,.i

<
>

Li.l

Li..l _ li..

< < u..Io

O uJZo

Z >- Z _.,>

]31 0.. n,' u..I e,_

t
I-.
Z
<
t--

Z
0
U

[
F-

F
I
[

E

...lr

o

T-- t-_ __-" TL-- ;_-

[TL2-F 22_ _--._-_KZ_" 2 ;'- ,_
, I" <T,

-- i__--12 £;2.LL_-_-_-2UI.-

( J

_1 _ -I"

l E:':_

1 t

!
1

D'.'.-':_

_....:...::.:_

_':.':_

F_.::.::._:

_:i

_.'.::i

I_:_-.'.:.'.:.'.::

1_:_.:.'_."_

_'..::.:_

I

O O

O ',.ID c'_

[ :

r' t'
l

E
• I

I

_:H:i:_i_!!!:'-'.:::-:-:.:.:.:.m::::c-,%,_,_,i,..- .'_o_,_,',

_:-'.'_.':-'::i:i:,:.::-.'.::.:.'.:.'.:.'_:.'.:.'_::_

_:.::..'. ".'.'.'...,...-:::-:_ _-

_.:-'.":.::N_:_.':'.':':"":':':"""_ u_".'.-.,...'>H-'--.',

:_.:.:.;._.....'.-;._::.'.:-'.::i, ' _.

..... ::-_-.:-....:.:.:.,

_.'.:_:.::i ;':':':':':'::-':."::::

oO -1"

I

i .....

I

(:_ O0 -'1" ,--_

v

@
r,, ao

(.n u_

a_

I o_oa s ya -1at

_. f _-i:..:.'..::i:..:L__%'.-:'!y!':_!;i_i:i:_!i:<:-!'"_".......:.:::::::.':.'::::..-:::

'.:::!f.._::::.'.-:'::':!::
ii , l_:!,'...'_i _:!: _-..':!.'.-'.'.:_-'.-'.:..'-!

l f:_:.::i: _:i:.::.::.::,: _-:.:-'.::-:.: _'._::.:.'::_

I _ l'_:_:i _'.':'::'.'.-':..':_.:::.'i_; _. :.'.:.'.::_:

_;_:i _'.:..'!ii:,: _i_'ii _!:i:.-':i

_-:.::_:_::_ _.:..:'.'.:.'.:.':':_':,1-.'.:::': t_:_:.-'.'_i.i

O O O O O
O _1 (_1 O O

- 82 -

n,, _j

.]-

u_ l..iJ

..i_



I
|

LIJ

(..0
Z

GO

Z

,,_
0
.._J

Z

I.;J

IJ._

I--

"1"

0

I
I.LJ
.J

_n

Z

0
.J

Z

l

Z

Z
0

Z

0

O.

uJ
N
-.,

r",,
',' o

0 ',,'Z o

n E U.I e_

L
[

I

c:)
o

0

0

0

! ,I
0

0

0

C_

CD,

I i

0

t

L _'_

00 ..:f-

E

,o

[
[

l

!

E_

L

0

3"S
_.i_!_'__-'.:_'_];!:i_@_

t:::,::_,,,,,:,:,:,_.-,-,:........ ,,,,.:..;...'.:...:.:.:.:.: ::::-:::_:.:.....;._,_

E!__,:,_%-,-;,,,:,:,:,:_-,.',.',-_,,,,,,i:_-_'-'E-',:

E_....".':':':_--'.::':::i

E_ _'_i__." "_-_"i:':':""""'"':;.%:;:;.-;.-:..:::::::::

!_..'_ _-: _:-_'.-:_
F_'_:-_ ;:_.;:-'-':':':':':'.'

Q 0 0

Q

00 ..1"

1

1

0 0

0 0

[
L
[

(:3
0
..1"

|_:_.-.::_

l_J.':::-'i

E_'..':-::

C_

L;-,.;1

,..._ jJ _--

(L,q _ _'1 "_

CE

:E
13_
LL

(.J

{E

C_

,:,:,:,:,:,:,,,:,._,.,._':':':'-:':':!:_::(_)

_ _','-!-:_:::,'-',':::_:':_-',;:i,'.;:.::.::-',_,)
I::J':__:""":':':':':': ".:-.'.X_. -_,

_':i:-:!:i: _"_:.:_':': _"
"1-

___-"_:i:_:i:.::i:-'.:.:_::'_-i
_:......-....-_.;_ -.:.:.::.-.'.-:.-.'::.:.:u_ L_

3=

;.,:-,-,:,_,-,-,,:,,"_%'_.'..";i:': m



Z

I,',-,-

Z

0
-.J

Z

X

U-

I'-'-

"I-

u,J
3c

0
0_

I

.._i

<

',t
>

Z

r,.
<

J

Z

f
I--
Z
<

Z
0
.tJ

Z
<

:E
tY
0

W
n

N

(f_ fJ_
r_

>" i ,_ ,.,

[

I
L

I

,

A

I

I

0

-.I" _D

r

i
...I"

CC]

C)

I
[

[

I

I

18

I

i L __

I r....

E

0 0

0 0 0

_-:_

_'::':_:.-.:::_
_&-.::

0

O0

..,.I"

_¢. &..
U3 (./3

@ <
L.JJ F-

Z3
n,/
(...3

_...:,:-..:.:::.'..:-._N_i_ii_.:.-'.:.:i:
g.'_.-.:_ _.:_

- _

]
o o

I

r

C I I
"' , • _' ..2_

I
r_

1&::.:::.:-4

E:!::':..'_

[:_:i:.::.:.':'_

[......_::.-_.:

_.._,:'..'_£.:..._.

o

_--!:-#

_. _:.:.:--..:-:

_:.:_

_::.:-::-:._

_..-.:...::_

_:.:.::

_':':-:'::.i

_._:.:_

_:::i:_

_;_._

_:::::::.'::

_'::'..:;.'..::

_;:_:.'.:':

_-'.:'- ::'::':_:

_:_.':.:- ::.-:..::

_:-_

0

C)

bO

J

J

_3

0

in,"

r,r._

o, o

u"l
rn
J

I..--
I

3_

C_.4

,.,,,,



]

1

I

I o

O0
U,J
.._1 _

Z

O0

Z
0

O0
aO

U_I
X

ii

+-

w

0
rY

I
u..l
_.1
en

Z
<

I
Z
<
k.-

Z
0

LLJ

N ILl

,.--, I--

LLI t'l
Z ILl
,-.-, O'l

Z I:1
ILl n,,'

r-,.
u_J z
w
r't _ I--
u+ <I[ u..

0

'..+q 0

l
0

0

IT'

i ;

!

i
0 0

C.) 0

u'_ ..-1"

!

t ;

' 1

I I

IIiii I

I:

m ..1-

/ "q [ S 1 /;:_L,/,I
! I , _:':.:':.:-!-.:.:-:.:tG

I _ : , ......... .,....,i,+, ,_-,
: , ! , ..........,....j.:.:.:.:.-'.-.-.-.-.I , , l-.:-_.:.......,+.......-:_.:-:.:.:.J_

,. + + ,:.:-i-:.:.'.'.'.i....-...L..-..:.:l,_ _-

: i : :::::::::::::::::::::::::::::
, , '. . ....i ""-"_._i

i ' ; E.:._:-:-:.:-::t.:.:-:-;.:,:.:.:-:.:._:-;-;-;-;_ _,) _

r ; + .,: ..... _ ..... .... j.... '"
I ! ::::::::::::::::::::::::::::::::::::::::::::::::::::
t [ :
i l I I l i _ I

0 0 0 0

0 0 0

O0

"qt'S

+ !Ii

Iil

t
0

0

I,q

I l>i_ _

i
•...-.-....i:i:i:i:-_ ,-v

,jJ

,0-.-0%-0_ +. o •, _ _

,.*..*.%.*. *.*....#,

I:!:i:i:i_:!_-'.::.'.:.:.:.:.I:.:.:.:.:.+".... !:.:::!:.:u_ 1-
_*:!_**_":i ..... ' .....:::_:;.'.:-.:.:.:.:.:.:_...... .....

.......... , ":.:.:-._,:.:.:.:.;.

I
0 0 0

0 0

'.'.'.*.*.'I**;*;';';*; *;-;';*;*;'+;*;*;*;*; *_**;*;*; ";';*.*.* .*.'.'.'.,
'.+'.+'.'_,,'..' '*,.:-*-,._**-;.:.:.:.:_._'._***_.:_:*_'.:.:.:i_.:.:.:.*t:_":_"::.'_.'

......... .-,'_-.-.-.-.-;-.-.-.-.-.;+.-,-.,-;.L-.-.-.. _.......++o ... . . ...+ .+. ........,#°%%% %°°°°°°° ,..oo.%... y.+. #.%% ............., ......... , ..... ! ............ _._._._ .......... _,, •...+.

_+:!-;!:'.','.'-"_.......,_........,......................

_i_i_il"?!_i_!iili_i_i!i!i!Jj:!i_i_iliii_i_!i;..:ii":!i!iii-::ii_ii!ii:i
E:i:i:i.'.::.::_:i:ii':":"J'::':':'k"':':"i-..:...:.:_.:...::-..,...:.:.._..::_:i_i_i_i._:i!i_:i_

_i_i_i_i_!t,:_-'i_!_i_!_i_i_i_ii_i_i_!:::;:::::::::::::::;-!_:iii;i;.
i-_!_i_it_i_ii::':_t::..'.-'iii_:_i:_:_:_:i:_:_:!:_:_:_:.:.:.:.:.:,""'":,........:':':':':"

t 1

N:I_SN I

I _!:-:i:!:i_:_:_:!:_:_
,.*;*,.%'.'i*-*;*;.'**+'

,' +, :::::::::::::::::::::::

i ::::::::::::::::::::::::::• o,oo.L.,o**

! -:_-:-:_-_:-:_:-:_:_B!-: ::

Cg .-J

U3

nq

_.J

_:_:_:_i_:}_i_i_:i
f'm

:_:i:i:!:i:i:_:_:_:_:!"_

';';';';';'':':':':':':':':':'::'-Y¢£ I'--

I:_:_:_:_:_:!:_:_:!: :1:
L_

_:_:_:_:!i:_:_:_:_m m

:: : :: :: ::::::::::::::::::::: r_

1 i

- 85-

_2

2_

L..



]

z

o

co
oo

LLI

LL.

F--
Z u2

L_ c_

UJ

u_ Z

_r_
0 o

Z
c__ uJ

1
ILl
.d
r_

nl

:>

I--

7>
LIJ
n¢

_,' Z
ILl
O. tm t--
On <I_ U_

d_ 0
lxJ <1[ --I 0

Ud 0'1 0 0

_,-7 .

I

Z

I----

Z
0

0

0

0

I , i _ "" "'*"%['"%" LD-')i [l ! . ! _ ,E.:..t:.:.:.:.:..:.:.:,:.:_
! ; , , ::::::::::::::::::::::::::::::::::::::::::::::::::::::

i I: t : -t ::::::::::::::::::::::::::::::::::::::::::::::
;,. ; ,,i ,. i i ' i -

I ..... 1 ...... ,,-o ".

i , , _ t-.:...:...-.:......,.:.....:_.:.......,......:,.,.........._
, I, ; J i._.i .J .... j .... i...... _<.... -1
l : , t ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::o_

, i, i' i 'i _.:.:...:&..+:..4..,.......i.......'.._........._
i I 1 I i i i ; [ i

0 C_l 0 C C._. 0

0 _ C-_ oo -_I-

_'q S )

i i I_. /_:!:_:]:_:
! i

, ! Ii d:!!':i:i:i

t '., iti_:?:i:
, !

, VI _ , tit:i:-:-.:.:i:i I f.'.'_:-'_:':':t
l ,t_-_-.:......i_.-.:_
i 1 i t I

o o o o

I,t,, c-,i

; 1

' ', _E:-::.:b:i:i:i.'.::i!!:-:i:':i:_i::.3i:i._:!:i:i:!:_:-:i:_:-:i;-:i:!:-:-:

' ! ' _':..':..:.:-........ :':':":_"":':""""" !!:_i!i:i:_';i:!:i:i:''"

::::::::::::::::::::::::::::::::::::::::::_I .-°%%°°° -.-o "o.o.0_0_.0%1, o00.0..o0o,

!: t" ' -- -_ ..... ' .... i........ :;t......,,,0o%%-_%%0.-.- °°%%°°% ,-o-.-o-.o_,-oOoO.% °°%%%°°

1. _-"-'--':-.:..--:-_.-_.-:.'-.:--:-:<..--'.".-.-_.
i ; _'ii_iii_:::::.::.:.:.:.:._:.:.:.:.:.:.:.:.:.:.:,_.:.:.:.:._:.:.:...:._:::...:.:.
tt:" ................. , ..... i , ._._ ..... ,::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::..-.-.................._....,..-......
1 1 I 1 1 1 i 1 i 1

o o £z)
o o o
o o0 t.,.o

| I I i lt_i;ii!:i:]Bi:}
ri i ,, , !.1 I:::':::t.':.i_i_i:

i..! I_i:i:i:_:i:&::?:_:i:

i 1
i [.'.:-'.::ii-'.:.'.:&::i::':':.:::':

! I i&::.:'-"-'-"
o o

o c_ o
_ I,m

":F::'-i:_:_:_:i::2:_:i:!:::l

:::::::::::::::::::::::::::::::

_:i:i-'.:-':.:_'.'.'_!:_:i::':_.':'.':'.']

hi--:!_:::]

_i:.:::.'._:'..:_!!
_;.-":i_,._:!:i:!:i

i::_.':'::':'if?.:'_..':'.;_:
I,

o
o

0 0 0

0 C>

-.1- d'q

- 86 -

d£

,,]

re 0
0_
cu
o'1
n_
0

,-.:-@:_ t,"l "1-

:..:..%'.t.'_'._r,rl

_:i:i:i:];_:i:i:i:'t:_:i:i:i_:i:i:i:i:Ji:]:i:i:]:

•_.-.-.-.-.-.-.-.-.-1-.-.-.-;-.i:i:_:i:_:!:::::::::::::::::::::::::::!_i!i_i_':.'_ __

:.:-.::.:-::i:_:i:-.'--':-J_':i,i:i:t:_.'_-:_:;i_i;_:i::_i: _
,.._._..._....,.........._........._i:i:i:!:.::_i_-_i_i'-'-'-'-'t"-'-"-........._

:.:_:"-:'-'-:;::::::::::_'-:i:i:_.'.i_i_i:i:i_ti:':'_:__n ,,,

'-":':':"-_..... i:::::.';:l::_::_:::--:- _TT- ..............-. i:_:-:::_:;_i_i_!_;i""
I I t

n¢ _.1 _

_j oJ

"--.Ca_

<1>
r,"

'.2



T

t..LI

I--

Z
©

_q

2_ -q 0

0

t--

Z _ Z LU

qd q.) _ ,...,

1 _
Z Z

u'_ Z
Z uJ
0

Z
0

cY

_.n
>-

--1-

I __/ o4

I l.J

0<I_0

- ii

I

i-
I

0 0 0

-q_ OJ 0

INDI3M AldNY

0

0

aO0

I

I--

I--

L .......x,i_: : _.

:l,i
! ,

• !0

t /i' ,
0 0 0

c__ 0 0

0 m ,._

IHgI3M SSONO

I

0

.",4 __I

,""4

: _ -.---

m

: I

C.'_ 'L'2

,._ ,'4

,.0

n

oG

c_ C

I

F--

o__
c,_ _.1

,v

7 __



!

F--

c_C

F--
W

ua Z

o._ tm

0

LIJ .J
LLJ Cn

Z _ Z

n_" {,..) 3=

I
t.---

Z

I..-

Z
0
U

Z
0

I-.-

Z

Q_

.._ l--
c_ 0
c,4 n/

4"
I ..J c'_

0 UJ
_ I W

O<3O0

L i I'/,'i

_3MOd3S_OH "7"S

ILI_I
!m_¥ ,

_3MOd3SaOH 3S]N_)

_n

J-

("4

u'%

0

_j
I..t..

o
o
cD

u_ ,_¢
o.4

I

Lid
tm

o l-

b-
J

,c
c,-.

- ?,8 -



¢:::l

I.i_I
ILl

too

1._)

l--
ILl

,.D
Z

ch __

0
--J o

o

Z Z

0

Z
,_ u.l IE

I.- Z o

0 Z 0
_ u.J I.--

Z
0

v

_ 0

I _ _
Ou_
_I_

O<3O0

k

C._ 0 ¢"J

J.PIO I _M 9 S,_d

b2

b-

,_9 -



F--

W

ILl

C_

N--
W

r_

r_

Z
LU 0

b-4N

LU_

Z o

Z o
L_I__

Z
0

I'-

m.'

u'3
>-

q.) rv"

o 0
c'_ 15£
,.-1-

I _.1 c'_
0 W _r'_

_ w c_ I--

0_00

Z

0
__1 o

7 Z

1
t.-
Z

Z
0

1

0 0 0 0 _

a3MOa3S_ON _sln_3

0 0 0 0 0

_I3MOct_S_tON "9"S

0

C'xl

i
I

i o

0

0

0",

C_

v

LIJ
LLJ
13_

0

c'q

k-

o

hi
LIJ

C_ 0..

0

OC

- 9O



1

1

1+

1

>-

oO

W
¢D
Z

F---
W

¢7 L9
U.J Z
U.J
(3. ,'7 I---
CO <_ U_

0

L_J -J

U') 0

Z . Z

S _

I-.- m m
Z _
,_ u.l _"
I-.- z
u'_ ,..,0
z _D _
0 z
_D _O

I--

+ "Yh

! I

Z
0

b.-

_ '>-

_ 0
.._

I .-J
0 LU C'-_
_U') t_'7 LL.I

W t I.--

o_o0

z

0

Z

n,,
0

! o

0 0 0
0 0 0

ZNOI3M XZdN3

0 0 o 0
0 0 0 o
0 00 ,,.D

ZNOI_M SSO_O

o

o

0
0

0 0 0
0 0 0

ZHO I 3t4 7_n_

('-o
o
00

- 91 -

o
0

o
0

z

U./

Z

z

I

W

z

r,



0 • o



. °.

I--
W _

r_

Z
Ci ©
li.I

u cr_

_2
t.J
Z

0

,j

Z
0

Z

rv

c_
u3

_ r_,

o I--
_ 0

I _1
0 LLJ c_

tJ'_ li.l I i--

O_O0

_21 (_b
tU Z
l.IJ
n El I---

0
._I o

6O 0
,-4 (D 0

_z_ 2

I
Z

Z
0
u

\
l

I

I
$

I
|

0

0

'i

!

I, | i

0 0 0

N3MOd_S_OH "]'S

\ ',

!iI'i:-
1
l i

1-i!
I I o

I

[
..i"

C_

0 0 0 0 0

_3M0d3S_0H _SIA_D

- 92 --

-7

OG

L_

_o Z

_d

O

O

Oq

O

E
(D

O_z
I

o LLI

Z

O

C_

.d-

id



i

!

I-

I

! °o

®

o

+

- 93-

+

\

+

+ .,_ +



o
..J

LL

(/)
j

_,/) LU

¢:::E L/_
C_

_°
LL

<{
'T

-J

<: ,__

F-- C:_

'_LI r_

--]

_J

<
u',L9

_c
>G,

--p i

n

,./'_ I

•--_ Lf_ I

_--- !

Z
0

C¢'_ U_i

:E::L_
Z

H_.ILn
>(

I

I

_J_

_-z

LL _--
n/

<
V1

_L_J

x_

'L:_ _

I ! _ ; [ !1 _ ' "? '

I j i

! i

; /
L

| • , _ ,ll

l

i 1 i ! i ] ]

J

©

LY_

©

i

...-.;-......£'.:..... i_................ .....-...._i._.:.:.:._.:,
"%%°'%°°"'T %%°°°'%%°" . °°%%°°%%%'°%%%' -.%o ..oO • o,%.

ii;_i_iii_.":;_iiiiiii!ii'_;iiii!ii;!iii3]i!!i!;ii_;i3iil_iiiii!iiiii;i

i_i_i'-;.:'....;._t{_i_;i

(_,

i,..-i

. : _-

[! .....t ! t
. _ i i t i

_.':.':.'::::__'_";';"_@i:i:_':.":'.""_'-''t_iig_i_i_3g!i!_g!i'_ii_!igi!_i_31ii!i_i!::i_i_i_ii'::.iiii':!
r i l 1 I I

]NI-lqSVf] 40 NOILDVNJ - 1503 "lqN4

@
@
r./

@
®

tJ3

E3

O

- 94 -

c',_t

g_:

:.c:



APPENDIX A

NI_rERICAL RESULTS

1

1

1
I - 95 -



E

°o

rl

m o _0
oo o_,--4 .,-_0

L%

?|j

:;!i
_ ,

G r-.i

_ri
I

_ c5i

L t

t, il
kS_

!L
fz u;

_..4 _

e._

_ _.,_

,--I I _

r
t
!
1

t

1

!

I

i

ORKMNAL PA(_E IS

OF POOR QUALITY

0 u_ 0 r._ u"_ aO r._
c..I ._ 0 o40 ,-._ 0"_

c-.I

C'4

00 0 c'_ u"_ o_ r_

o4

_0_ O0

c-.I c._ 0 t_ o.1._

o.4

_0_ O0

aO

0 u'_ 0,-4 u'_ e_ r-.
_ r,_ Ot"_ O_ ,.._t_
•.-I .,,_ 0 u-_ e_D
04,-4 _ ,-4

O_ _

_0_ O0

N_ _

O_ _

_00_ O0 O_ _

_0_ O0

0

O0 0_ _

O_ ON_ O0

_0 _.J _ _ _ _ -,.4 _) -_ ._I C _ '"_ _'_ '_ =_C.._

- 96 -



!
!

ORIGINAL PP._ !e,,

OF POOR QUALITY

T
#.

E

L "-'

.f

sq_

.o

<C

,Ca.]
X
i.,-4

C_ N

._ tO _0
_0 0 _0

¢=_ _ L:_.,r..T.1C',a

1
L _i

L '
.. |

N

'u!

!a:

Ic' i

do
,c_l'- jv

',<i-_!

! ;

r:21

• n

OOOO
O aO O c'_

OOOO
O_O_

O o00c_
O r--- O c'_

O_O_
O_O_

O t'.,- O_,'_

_,.D .'_'_, .-4 e..-4

C_ ,-40 00

,,O -<_- e-4 ,--_

O_O_
O_O_

_ E _ -

u'_
Ct_

Um

0 0

u_u_ OC_o
c'_ _h O ¢'_4 Ch

_%1 ,--4 u'_

O 00 O L_ O0 r_ r_
_O c'_ O r"-- o0 :"_

('4

N

O0 _0

c_ o0 O c,_ 00 r_ r_

c",,,I cxl

OO
_ID O'_ O ,..-I c',4

¢',4

,_ -3" O r"- aO c_
t'_l 00 _ ,-4

OO
r_._O O .-4 e,4
,-,,_" ¢O O r_

OO
u'_u_

e
OO O_O

N

O O

_ O O

;:_ .,4 _ .,_

eJ I_ '-_ _ _1 I I_
:> ',_ _ "_ O

"J_ I _ _J I
•,,-* _ ._ _J ._

e_j _ ---._ _ ,L_

c",4
<_

T - 97 -



........ _._.m._l _

5_

Z

X

Ix.,

&J
r" qj
_C C_

E

0

.°

C_
"C

C_

aJ
N Q)

_) r_ rJw

o _ _o
{w)_ cwi)-,_ o

°°

L

ORIGINAL F i'. L :."
OF POOR "_'I _ ""-'

_, 7';

L--_

C'J}

i i "_" O0 0 _
_0000

!C_ j

'_2_

("4 k¢3
ff'_ t'M

0 0
0 _

_0 0_ _0 _ _

h
t
I

!c

t_

=c!

n_

0 _

_ _ O_ O0 O0 0_ _ O_ _ _

- 98 -



ORIGINA_ Pi;G_ _

OF POOR QUALITY

Z

X

G

QJ
N

0 _1 GO

LL_:

_' O _ _

0 _-_

I 12.: _o-_

f

-4---

O0 _'10

_Or_

O0 0C3

-4
t
I

t

I_-IOI
0_0_ O0

uhu7

u'TI
I'

!

O0
_'_u_
c_t_l

|

r_

._, 2:

i 'J_ AJ e* _

i; 22

C_

I ,..J

,_

_ _£...r_ v _.,_

I _ _ _ £- _ .__. _d

•r_ _ "_ ",-4 _. _ f _

""_ I_ _ "_ _ _ "'_ - _ _r



Oill_lqAl- PAC_. |$

of poc 

...]

Z

_v
1

1-- O_

0

oo

0
,.4

Z

X:

,+

,-i.-I N II_

0 ,,11_

0 g,I I_ 0
_13,,,,-t ¢10',,,'-t 0

a ,

I . ++

t+_ _!
F

I -]ii ""

I.

i_: r"
. r,
t :,_

t

I

t ?5

l zi
L.i

11'

, i f

+

i

_ i"%
,._: , !

_m

O0

u"_ um 0 o"_ ,,,13
P-,- 0 0 c',_ 0
O', _ 0 ',..0 _N00

O

eqO
t'_ cx3

G oO O o_

_O
_O
e_o0

O 0C3

_._

0_0_ O0

e'_ I'*i

+

O_
ql) l_

r-I

_00
O_O_

OO
u_u_

_O_ OO
_um -.I" ¢'_i O t--I¢_I

+

_-_

_O_
_O_

OO OO O_um
Oct_ Oc_OO OO

o_00 _D

.z'..C_

. .+

"2 -: _ .Z+

:.< :¢ -:. ,:.,

't'!,

::: 'Ji - . 1:'

+,.J r-.-_ '-- +J _ I ¢'_

,..-;' m I ,-I _ I -r,

-_ _..._ _-,_ -_ F.-4 r._)

•-4 ':.r

U

+J

o,- ,j: ",-. .'2.

• . .+- -.j
": : ,c....

.... ,-4 -3,.

I
- 100 -



i' i

ORIGINAL PAQE |$
OF POOR QUALn"V

.._ Ca

=,,C

-,,.t

C

C

..

>

v_

:z

0

7-

2_

]

!

I

1
I

_._

t_ _"J [._

"0

0 _ _O

_0 ,"_ ,._dO-,_ O

,,_ _ c_ CU'_

S_

I

I[.:! .."

i :2

_-- -,

, 2_,

!

I

!

r-i. !

c*-_J

c_

u_ C_ CD_D _

('q c'4 u_

C'q

c.l Cr,,

Ch

cn U_ 0 C'_ U'_

C"4

U_ P"1

C'..IC_

-_ ,.c

C'q

_ ,.e

Ou_ P-_Tr _.

_r-. u'_.,:_

c'4

_0_

0 0

0O

¢'._0",

O_ _

O_ _

oO ur_ o 0 ¢"_ 0

r,.. c,4 8,,-I,,,,,4_c_ 0

c.4,c_4 u,%

c,,i

O u'_ ,-.I.._, r..
or'.. ,4_r"_

C'4

O0

c"_c,4

G',O

....To,4

_'_D

OU_ ...T_'_t'..

Or" _D_

c_

,.--, O0 0 c_

_0 ,.-# 0 ",.T

..-_ 0 .'_ UO

O0

u_ L_
C'_ C.J

Ch

oo o_gO
_,_C_

C_I On

i

C) u'., _ ,_ r...

OP.. r--.'_

_-_ "_ 0 _O 0 ..T
O,.-ICDOO

_C

_L

oO
u_ u_

u_

r-- ,,D 0,_

•..T ao 0 0

c,'_ c.,I

_.; _ .-.

2< :< _- :;

-J

OO_ID
f

0 L_ UO t"- P.-

Or-- aO"_

C,/

i

• ,-_ _" ":.7. _ ".,'. *.J

- 101-

_D

L_

<



[

!

Z

k_

X

r_ 0J

G _.L'

LS

0.

i o

i___ .[

i I ';2,1

Y
I

_..

-!

:_.,_,

1

I I

lxl

I
;,.-i

1
I

I

,

!

t
i

t

t
t

t
I

ORIGINAL PAOE !S

OF POOR QUALIT_

_ .,-_ 0 0"_

00_

-4" ,-_

0O

,---t _0 0 ('_ ,--_ 0 0

_o_o

_oo

,--.t

<1" -_ o o
o e,_ o 00

t

i

i

J
1

L

¢,Nt t_,.

•-¢ -¢1" 0 _'_ e4r,_

B

0_0 _ u't r_
,_D trt _0 e*'1

e,_ t--WD
e

u_ u'_ Oo u'l r'- 0 0 _o oo u-t r--

,--I (,'1 0 _ r4_o ,_D ,-4

_4

o_oo ,--I C_I

O0
u'_
¢_e,4

o

Our_ Oc_aO O0
Oao _0 r- r-.
,,0 u"_ aO ("'_

,,-I

"_. _.

.'. )_: .:'_

.f • , , ..
-r4 --4 "-_ _.

_3

u [--,

,-.1 r_ i ,-] CJ I _ ur,

(-J ___ ;J ,J

•_. -v-.3 ,,_,, .,..., .,._

C"J "a "_ l_"

(-.. _, e; f_.

_ C2

,-I ,f_ : < L< _,

r_

- 102 -



t

!

!

X

I

l

1

1

I

.LJ

Q

oo

<

<
:>

o[: '_1

"o 12._
t_ r_

o"_

o • _0
t_0 _-I oIB._ 0

-id I_! _I I.J ur'l

L_

_t

I_ -'t,

!

I

IZ ,

Eo:l I f

[ .

ORIGINAL I"A_L _

OF qUAUl" ,

r_ 00 O O', a000
OO O u", O
,--iu-_ O e-J <_
.---..iu'_ O <_"

c,,i

c',4
¢',.I(:7',

O u'_
Of.....
..4:)
c.4

u'_ ,,D

r--.._r--
u'1 c"_

o r-.-o ,_
u", r--.O r-.

.,c o
u_o
C,,I c'_ L_r_. O O_ O40"_

Or_
,,D
C'.,I

00 ,D

_ c'_ r--..

,--I

t'4 ,--I
,--I

,--¢

r_ OO O_O

('_ch
Or,-.
_D

N¢"_I
Or-

_ o O e,,I
o,.-I

!

oO o_,_ u'_o
t,")c,_
c-4 o'_

ou'_ r_ u_ t_

O ,-._ O ao
OO

e

Or-- a0 e,'_

,_J ,.J

_.r :1:.,.J .-_.

;.¢ :_. "T_ ."J

L_ I-_ r_ !._-

(J
C

."_ _J U _

_ ,'_ ,_ 0,1 _ I I_

_J -_) _J ___ _ .._

C,,.t .,,-4_ U

- 103-

I

I

i
i

I

<
[-.



!,

!-
ORIGINAL PAGE _,3

OF POOR Q_AtFf_

,!

iI

r.1

i
_J

:i E

F- _3

4

!

l

I

O0 N_ _ _o4

c

o

i

,P"_...._o _r,, o',o Oo
o'_ _o t',,l o o wD _D

t'_ N ,--I N N

,-4W_ ,,_ O,"1 i¢%_

O e'wI¢'%_ Oo O,/_O c_ r',- e,'t ...T c,wI ,...4
O0 e"_ e,I ("I e") C,4 ,..4 I/'_

e"l OWl ,..4 ¢'_ ,-4

.C_ '£ t5

.--J ,J .-% C:

| ,,,

O_O

OO

c,4 (30

C,4

or-c)
oe4e4
o _o
o

00o_

C_l P'--

_°

e,#

o8
P4eO

P.-_D

C)_O ¢O _ P,-

_D ,.4
,-4

O_

o,4o
O N
0 ,.-4

0O

p_

o o_

u-_ ,-4

_D 0%

OO_

c,4 P-

O_ _

{.2 .:D

,-4 [w "--

:> "O O

,-J ,'.J I

CJ _ "_ "_ '--_ .-_

_,'L_

rnZ _ c ._c_

r.j ,'_,_- ,..J u';, --: L¢ ."_.

- 104-

i

I

J

r_



_0_
0_

,,,0 u'_
f'_ c,4

oO cq c_ cO
,-4

_0 ,--..4
,.-4

_0_ O0 0_0 _

_ _,,4 o4 co

u'_ 00 0 r_

c,'1 o,_ _,4
o4 c_

O_ _

r,': >. 0

_) .-_ ,A.* _ _ I I_ r.._ Z _ CJ _ _,

',Y') I ,-_ _ I U) _ _ .,.-I,--i '3

0

- 105 -



I

4+

! +

_f

zl

!

I

I_ "0
C3 _

0

t.I;

0

_0_ O0 _

L..

0_0_ _ O0

00_ ur_ r_ ,-,_ 0 00 u-_ u'_ r-..
ONO O0 ',,D u'_ ',,0 _'_

0

0_0 _ O_ _
0_ O0 _ _

0

O0

0

_+ -------____

%
• _ .,_

(-" *-- _ ,.c_ _. o

""_ "_ _'_ "_ _'s _ "_ _ _ I I_ r_. 7+ __.

_'_ ',3 :-. "S _ r_ I _I aJ I 03 _ n,,I _

t",..

0 _ N _ _

&-.

-. _ .,,-_

e

m

+

<

[...,

1

! - 106 -



!

ORiGir_-_t PAGE IS
OF POOR QU_.ITY

• rJ.;'
..;!

I

"L
I

Cu"_
m t_

Q

=_.,_

O
_J

["

0

',I",

0

0

U.I

r.p_

r.1

o0,--I _ --._
_'mOO _0 0_ O0

000
,,,0 _.r'_,

,--I

oo ,-.,I ¢'_1 .-._

o00_
r'_. oO

0_0

O_
'<l'_
.<r ,-t

O_

O4
O_ 0 ,_D r_

_0_
_0_

0

000

_D

r,_ L,._ D,., I._.

r./') 1-,,

_ _ "_ 0 _ _lDr,.,_ _ I_,

,..1 r,n l _-I aJ I _ _ _ -,"_,--I 0

- 107 -

f

i

i

;

l

_t
,<

<_
[-_



I

I

[

[

[

[

[

o

oc_O

o_N

°o

F_
r_

o
u

I

I

J

o!

_jr i

i

B

"-'i

ORIGINAL PAGE IS

Of POOR QU_ '.-_.Tf

e

imu i , i • i u

OoO 0 ,._" r'--

- 108-

J

ii,1



!

ORIGINAL PAGE I.S
OF pOOR QUALi'i'Y

°I
I

h-,

<

:l

00

_[z.4
0

_eq

.o

_0o

o

[

I'

e

i-_ e-t

ur_O
No0

N_

O_ _

ee

1

i

o_

oo,-_
r_o
i-4oo

,-4

0

0
F_

r,l

>'.

I _ r _,

,p. .

,-,1 _

_.£ "=£,-2 _C:: P...,

:> -x_ o

¢/ _ -.- _._ .._

:_ _ _ _ :- _ _.

- 109 -



I

!
ORIGINAL PA_[ S

OFPOORQUALITY

I

OOI3 _ _D P',-

,-4
,-4

O_ P',, mn r.,.
_4D_,P'I _1:) t,'l

,+
.+

110 -



°I_S

t



7

i
i

f

_lr.__

I

Zi

~i

Zr
0

r._ _ ,._ u'_

0_ _ _

ee

0 _

i

• 0 r'_ 0 r_ r--- o,a 0 0 0 0'_ u'_

.-, "..: r,j _ 0 _ ::3 _.J _

I.,.2 _ _ _ _ '-.a _,, _ _ ,,-_-,,.._ l"

_L,

O0
t'_ U"_

¢,I

e"

_U

0 QO _-IU'_ r_

,-.4

r.j -LJ _',I _--
•-- :..<

"*'J ,.--4 Lrj ,,f _.)
"-" .,"J :': L: C-.
-"3 _ ._ -..4 ,£

112 -



I
T
e.

"0 0¢

_-.. "0 _

0

{,-,

u_ CO 0 r--
_D t,-.0 oo

L
I

_N_

I

° °

- II}-

O0
pc

F_



I

I

1

]

0'-.,""_t FACrL IS

CF pC,O.R QUALITY

I

I

g

i i

;.-,t

Q

i

•'_ C_

0

0
0.80

F_

Z

r-,

L_

>:

O_ O_O _O O_ O_

_O_ _
_O_ _

O

_ ONO OO
O OO _ tr_ r...
_Dt_ _De e)

_ r_O e_ _DCO

_ID _--q t'_ ¢"3 t'_4 ¢',4
,.ID t.m_ _,r,_

,-,I
..--I

O_O_ _O
O_ _

• . -

•,.4 r_ _

'_" _,.;, _ I _ O_ Z

I --.1 ¢J I _ _1 _._

_ _ -_ L, _ ,"J

[-_ ¢"1 _-.
::M - •

_..'r 3 _ .../ ._

_ -_ .,_ -f

- 114-

i|

P_



. . o

.;i..- D.I .-

OF P;'.''L''T"":':_:rTY

'I

l!

En

{.-,_

"_ c,8

o
_ ,.._ o

o

z
<

C

z

r.t_.

c_

Lc

L:J

oq,--_ 0 ,--_

-.._ o.,i ,--_

0 ("_ 0 0

1_o i--,i ol _,-,_

r_o_ O t_

• • _-.

_w _ 5

.L<.:_c"-: :.,

O

•,_ t'M

00 o_o _ o_
_ o_ 00 _
o_ o _ _

,-4

0o r,'_
,--4

,-.i ..,_
i_o

04
_ o_o O_ _

00

(D t',.4 O -..1" t".,I o0 ',,o

oq

,,.D e"_

c..i

.,oc_
,--4

q

•_ _ ..,.4q,l,,.4 ..-4c_ _ ,...4 .:

"D
o,1

,-.I
_m
<

i

!
L,-

- 115 -



I

!
APPENDIX B

Acquisition Cost Analysis Method

Total airplane acquisition cost is the total of materials cost, labor cost,

development cost, factory profit, dealer markup and optional equipment costs.

Materials cost is the sum of engine cost, airframe cost, standard avionics

cost and additional equipment costs.

Engine Cost

Airframe weight X airframe cost per pound

Standard avionics cost

Additional equipment cost

Total materials costs

Engine cost was treated parametrically because reliable cost data were not

available for the advanced engines. Airframe weight was estimated by

subtracting the weights of the engine, standard avionics and additional

equipment from the empty weight of the airplane. The current cost per pound

of airframe materials was used in the estimate. Additional equipment includes

items which are not produced by the airframe manufacturer (tires, fasteners,

upholstery_ etc.)

I - 116 -



Manhour expenditure per airplane was estimated from learning curve theory.

[+earnin_ curve theory states that

y = A (l/X) c

+F

where

y : manhours required per airframe

x : number of airframes built

A = number of manhours currently required to produce the first

airframe

o = "slope" of learning curve.

D

i

An eighty percent learning curve (c : .3219) was used to determine manhour

expenditure, and current labor cost rates were used to detemmine labor costs

per airplane. An eighty percent learning curve implies that the second (or

lO00th) airframe requires 80% of the manbours required to produce the first

(or 5OOth) airframe.

The development cost per airplane was estimated based on the airframe weight,

the anticipated production run, and the current cost of developing a pound of

airframe.

Total cost per airplane to the factory is the sum of materials cost, labor

cost and development costs. Factory profit, dealer markup and optional

equipment costs are added to the factory cost to arrive at total selling price

(acquisition cost).

J
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Material Cost

Labor

Development

Factory Cost Factory Cost

Factory Profit

Dealer Markup

Optional Equipment

TOTAL SELLING PRICE



APPENDIX C

Engine Ranking System

The items considered in ranking the advanced engines were:

I •

2.

3.

4.

5.

Mission fuel weight

Airplane empty weight

Time to climb to 25000 feet.

Installation efficiency

Multi-fuel capability

The first t.hree factors, fuel weight, empty weight, and time to climb, were

computed as ratios of the baseline englne/airframe capabilities to the

advanced engine/alrframe capabilities. The ratios were established for the

fixed mission singles and the fixed mission twins.

Weighting factors were applied to the ratios to indicate the relative

importance of each item in the ranking procedure. A factor of forty was

applied to the mission fuel and the empty weight ratios. A factor of twenty

was applied to the time to climb ratio.

Installation efficiency was quantified as follows:

!

I

I • One (I) point was awarded for an engine which provided a nose

baggage compartment (single) or a reduction of frontal area from the

baseline (twin).
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_J

One or two points were awarded for a reduction in cooling drag. The

decision to award one or two polnts depended on the magnitude of the

cooling drag reduction.

One point was awarded on the basis of overall installation ease

(real or perceived). This factor was to account for items such as

mounting difficulties, accessory locations and overall engine

layout.

Points for multi-fuel capability were awarded as follows:

0 if an engine burned only avgas

I if an engine burned only JPt fuel

2 if an engine was multi-fuel

A weighting factor of three (3) was applied to the installation efficiency and

the multi fuel capability.

The above quantities and ratios were used to produce a ranking number as

RN : 40 RMF + 40 RMTWT + 20 RTC c + 3 IIE+ 3 IMC
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where,

RN : ranking number

RMF: baseline airplane mission fuel

advanced engine airplane mission fuel

RMTWT = baseline airplaneempty_weight

advanced engine airplane empty weight

l_TT C : baseline airplane time to climb

advanced engine airplane time to climb

IIE: total of installation efficiency points

IMC = total of multifuel capability points.

The ranking numbers of the singles and twins were then added together to

provide a final ranking number for each engine.
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